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NUMERK^AL EVALUATION OF INFINITE SERIES AND 
INTEGRALS WHICH ARISE IN C^ERTAIN PROBLEMS OF 
LINEAR HEAT FLOW, ELE(^TR 0 CHEM 1 C^AL DIF¬ 
FUSION, ETC. 


BY W. LASH MILLER AND A. R. (JORDON 

In the Introduction to his Theorie analytique de la chaleur^ Fourier points 
out that unless the solutions of the problems he considers are presented in a 
form that permits of numerical computation, they will be—for many pur¬ 
poses—valueless. He says:— 

^interpretation numerique des r6sultats du calcul est necessaire et c'est 
un degre de perfection qu’il scrait tres important de donner a toutes les 
applications de TAnalyse au Sciences naturelles. On pent dire que, tant 
qu^on ne Ta pas obtenu, les solutions demeurent incompletes ou inutiles, et 
que la v(^rit(^ (|u’on se proposait de d^couvrir nVst pas moins cachee dans 
les formules d’Analyse quelle ne Tetait dans la question physique elle-merne’’^ 

Fourier’s own contribution consisted in finding functions which satisfied 
the differential equations for the flow of heat and certain “boundary” and 
“imtial” conditions as well. But in claiming^ that these functions “are 
given in a form that is [always] convenient for numerical computation” he 
overstates his achievement; most of his solutions involve infinite series which 
except for special values of the constants converge too slowly to be summed. 
Subsequent writers seem to have lost sight altogether of Fourier’s criterion; 
for instance the function given by Byerly** as the solution of the problem 
discussed in his Art. 51 ex. 4 involves intf'grals which are not only untabulated 
but which in general are not easily evaluated by the ordinary processes of 
graphical or tabular integration. The solutions obtained by Fourier’s method 
for certain electrochemical problems on which we have been working in this 
laboratory, shared both defects; and in searching for methods by which the 
functions contained in them could be evaluated with the least expenditure of 
labour, we were led to study the whole question from a general point of view 
insofar as problems of linear flow are concerned. 

Fourier’s solutions, and the solutions obtained by his method for certain 
electrochemical problems,^ are in general presented as infinite series; in Part II 

^Crowned by the Academy in 1812, printed in 1824-26. First published by Fermin 
Didot, Paris (1822). English edition: “The analytical theory of heat” (1878); See also 
Oeuvres de Fourier, Vol. I (1888), Vol. II (1890). 

■'* Oeuvres de Fourier, Vol. I, p. 9. 

* W. E. Byerly: Elementary Treatise on Fourier’s series etc. (1893k 

* T. R. Rosebrugh and W. Lash Miller: Mathematical theory of the changes of concen¬ 
tration at the electrode brought about by diffusion and by chemical action, J Phys. Chem., 
14 , 816-884 (1912). 
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of the present paper we examine' the mathematical expressions for these 
series in the special case that the flow is linear, and shew that they fall into, 
or are closely related to, two groups for which we propose the names '^Series 
of Group'' and ''Series of the Group" respectively. In Part I the initial 
and boundary conditions that give rise to series of these two groups are ex¬ 
emplified; other conditions^ leading to solutions which do not involve series 
of these two groups are not considered. The examination brings out the re¬ 
lationship which the series of the and As Groups bear to Jacobi’s theta- 
functions; a relationship recognized by Jacobi*^ and formulated by Poincar6^ 
and by C'arslaw^ but hitherto not exploited as a source of methods for evalu¬ 
ating the Groups in question. 

These methods (Parts III and IV) are founded on the existence of pairs 
of series whose sums are equal but whose convergences are very differently 
affected by changes in the values of the constants they contain. The exist¬ 
ence of such pairs was discovered by Jacobi in the case of his theta-functions; 
it is not however necessary to follow his argument in detail for, as shewn in 
Sec. 5, Jacobi’s classical results are only a special case of a formula due to 
Poisson® ("the Euler-Maclaurin Sum Formula with Poisson's Remainder") 
which in turn we shew to be merely a formulation of the Fourier's cosine- 
series for a series.^ 

The systematic plan based on this foundation for approximating to the 
sum of any series of the Groups here considered, must perforce take into 
account certain practical difficulties; one of these is the lack of numerji,cal 
tables of certain integrals, another is the lack of finite expressions for certain 

^The examination is facilitated by the fact, noted by Fourier in a memoir of 1829 
[Memoire s.l. theorie d.l.chaleur: Mem. de TAcad. roy.des Sciences 8, 581 (1829;; Oeuvres 
de Fourier, Vol. 11 ]). 149I that his general solution can be expressed as the sum of three 
quantities each of which (taken by itself) is the solution of a special case. This general 
solution, obviously an afterthought on the part, of Fourier, is ignored by Byerly; probably 
because the Mhrunre has been omitted from editions of the TMorie. 

2 Bee II. B. Carslaw: Introduction to the mathematical theory of the conduction of 
heat in solids, art. 36 p. 74 and art. 105 p. 213, (1921). 

3 “[Ces formulas] ne seront pas sans int^rdt pour les cty^bres g 6 om 6 tre 8 qui s’occupent 
du mouvement de la chaleur; les num 6 rateurs et les d 6 nominateur 8 des functions par 
lesquelles on a exprimC' les functions trigonomt^triques de Tamplitude 6 tant souvent ren¬ 
contres dans ladite question.” Letter from Jacobi to Legendre, April 1828 [C. G. L. 
Jacobi’s gesammelte Werke, (1881), Vol. I p. 415]. The numerators and denominators 
there referred to are Jacobi's theta-functions. 

^ H. Poincare: Theorie analytique de la propagation de la chaleur, p. 91, (1895). 

® Carslaw: loc. cit., pp. 160, 161. 

® Mem.s.l.calcul numerique des integrales definies, Mem.d.l’Acad.roy.des Sciences, 
6, 571 (1823). 

Poisson barely escaped anticipation by Legendre [see A. M. licGendre: Exercices de 
calcul integral, Vol. Il, Paris (1817) p. 150 £q. gj. His deduction was based upon a 
theorem which has all but disappeared from mathematical literature, and whose validity 
has been attacked [see Carslaw: Introduction to the theory of Fourier's series and in¬ 
tegrals, 2nd Ed., (1921), sec. 99, p. 230]. Boole deduced the formula by a method which 
the editor of the third edition (G. Boole: Treatise on the calculus of finite differences, 
3rd Ed., sec. 16, p. 154 (1880)] rejected; on insufficient grounds it seems to us. The de¬ 
duction given below involves but one assumption, viz. that the summand of the series to be 
transformed can be expanded in a cosine senes, and thus supplies an answer to the question 
often raised “With what restrictions is the Poisson formula to be employed?”, 

’ (Bee foot note page 2787,) 
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simpler series here called **Stationary”. Where they exist, these obstacles 
restrict the choice of an approximation. Among the methods still available, 
the choice is based upon an a priori estimate of the amount of labour each 
procedure would require in order to obtain the sum with the degree of ac¬ 
curacy considered necessary by the computer; the fact that such an estimate 
can readily be made, renders the whole scheme practical. 


Sjmopsis 

Part I of the present paper gives examples of the problems^ which can be 
solved in terms of series of the Groups whose summation is discussed below, 
and tabulates the "‘Original” (i.e. Fourier’s) Forms of the solutions. 

Part II classifies the series, defines the Families and Groups of which they 
are members, and explains the symbols used to represent them. It then 
deduces Poisson’s Formula (assuming the validity of Fourier’s expansion in a 
cosine-series) and uses it to obtain the “Poisson Forms” of all the series of the 
Families considered, including the series which occur in the Solutions of 
Part I. 

Parts III and IV give labour-saving devices for evaluating all the series 
of the and A® Groups, and those related series which occur in the Solutions. 

Part V uses the methods developed in Parts III and IV to evaluate 
certain integrals. 

The Appendix discusses the integral f e*\dz where ^ is complex. It con¬ 
tains numerical tables of F{x) = Table XXVIII; G{xy == 

J 'g“’^/«.(i/y^y).rfyand f G{x).dx^ Table XXVII; and tables from which four- 
place values of the Fresnel Integrals may be obtained for all values of the 
argument without recourse to graphical interpolation (Table XXIV). 

Readers whose sole wish is to find, as quickly as possible, the most suitable 
approximation to the series included in a Solution of Table I, must consult 
Table IV to find the symbol for the series; if this is not of the [even] or [odd] 


^ Here Thomson was the pioneer (Quar. Jour. Math., 1, 316 (1857)]. In 1857, without 
recognizing the functions with which he was dealing, he shewed that the “Original Form*^ 
of Jacobi's 92 can he deduced from the “Poisson Form" (see below p. 2808) by developing 
the latter in a series of cosines. In a foot-note to this paper, Cayley pointed out that the 
relation found by Thomson had already been obtained by Jacobi and shewed how it might 
be deduced from known pro|>erties of the Elliptic Functions. From the point of view of the 
present paper, the chief service here rendered by Cayley was in reminding workers in this 
field that their functions are related to the Thetas; he apparently did not realize that 
Thomson’s method might be made the starting point for a simplified treatment of the 
Elliptics themselves. 

Carslaw [Conduction of Heatf loc. cit., p. 159I following essentially Thomson's pro¬ 
cedure, shewed that when fiy) is an “even" or “square" function 


+00 


2/(6+na,) 
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Both Carslaw's and Thomson's equations are special cases of Poisson's Formula, see Table 
VII p. 2806. 

^ Thomson shews that the motion of a viscous fluid, closed electric current within a 
homogeneous conductor, and the electric potential in the conductor of a submarine cable 
when electromagnetic inertia can be neglected, can be dealt with similarly [B. A. Report, 
Sept. 1888; Math, and Phys. Papers Vol. Ill, p. 428]. 
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type it must be replaced as shewn in the “Summary” of p. 2801. The form 
of /(m) in the expression for Y at the head of Table I must then be noted, 
and the Class of the series found from Table X. The best approximation in 
view of the numerical values of at and gx is given in Table X. Sec. 9 fur¬ 
nishes examples of the use of each approximation, and a way to find an upper 
limit to the error involved in each. 

If the series to be evaluated is contained in one of the Solutions of Table 
II, its symbol must be found from Table IV, and a suitable approximation 
from Part IV. 

Readers who require approximations to an integral of the form J"f{x‘‘).dx 
or f f!*^'./(x).dx, should consult Part V; the approximations there given, how¬ 
ever, are not in every case available, for they may involve integrals which 
themselves have not been tabulated. 

Series of the and Ap Groups do not occur in the Solutions of Part I; 
but because of their resemblance in form to those which do occur, they have 
been treated briefly, in brackets. 

PARTI 

THE PROBLEMS AND THE ORIGINAL FORMS OF THE SOLUTIONS 

The problems of heat flow and of diffusion which give rise to the series 
whose summation is discussed below may be grouped under four heads, the 
first second and third of which are solved by means of the differential equa¬ 
tion (i) and the fourth by means of the differential equation (2). 

Sec. 1: Problems leading to the difierential equation (1). 

(1) Problems that have to do with the flow of heat through a straight rod of 
uniform material and cross-section with the proviso that no heat can pass 
through the surface except at the ends:—In these the initial distribution of 
temperature along the axis is specified, and it is assumed that the two ends 
of the rod are maintained at arbitrary (constant or varied) temperatures 
throughout the experiment, or that they are impervious to heat, or that one 
end is impervious to heat while the temperature of the other is arbitrarily 
varied. Choosing as x-axis the direction of the rod (x=o at one of its ends 
and X = 1 at the other) using the letter z to denote the temperature and t to 
denote the time, the Initial Condition can be put in the form: [at < = o] 
z=F{x)] and the Boundary Condition at one end, e.g. [at x = o] is z=f(t) if 
the temperature at the left hand end is arbitrarily controlled, or dz/dx = o if 
that end is impervious to heat, while [at x = l] either z—\(^(t) or dz/5x = o. 

(2) Problems of simple, diffusion through a solution contained in a 
cylindrical vessel:—Here the axis of the cylinder is taken as the x-axis, 
and z indicates the concentration of some selected constituent, supposed 
uniform throughout any given cross-section of the vessel. The initial dis¬ 
tribution of concentration along the axis of the cylinder is specified, so that 
the Initial Condition is [at t = o] z=F{x) as in the heat problem. The ends of 
the cylindrical mass of solution are taken to be impervious to the constituent 
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whose concentration is denoted by z —either because they are bounded by 
the material of which the vessel is composed, or (if one of them is a free sur¬ 
face) because the constituent in question is assumed to be non-volatile; so 
that the Boundary Condition both [at re = o] and [at rr = Z] is bzjbx = o. 

(3) Problems of diffusion during electrolysis when the ends of the cylin¬ 
drical vessel are bounded by electrodes; with the proviso that no chemical 
reaction requiring appreciable time for its completion occurs between the 
products of electrolysis and the electrolyte:—Here z is used to indicate the 
concentration of some constituent (assumed uniform throughout each cross- 
section) which is formed or removed at either or both electrodes by electrolysis 
or migration or both combined; so that the rate of formation (or removal) of 
this constituent is proportional to the current. The Boundary Condition at 
an electrode at which the constituent appears or disappears will be bzjbx — 
f(t); at one where it is neither formed nor destroyed and to or from which it 
is not transported by the current, the (Condition will be bzjbx —o. If the 
experimental conditions are such that during the electrolysis the concentration 
of the constituent to which z refers remains unaltered at some point between 
the electrodes, that point may be taken as the origin or as x = Z whichever is 
preferred; the Boundary Condition there will be 2 = constant j and the 
concentration changes between this point and either of the electrodes will 
obviously not be affected by any changes that may occur between it and 
the other. The same conditions hold in the case of a cylindrical electrode 
rotating in a uniform field; for the electrode may be regarded as surrounded 
by an adherent film of solution, uniform in thickness, through which diffusion 
occurs; and under ordinary experimental conditions this film is so thin that 
the difference between the areas of its inner and outer surfaces may be 
neglected. 

Solutions of (i), and ( 3 ): —In these three classes of problems the only 
Initial Condition that occurs is 2 = F{x) ; and the only Boundary O)nditions 
are 2 = f(t) and bzjbx - f{t)y if the expressions F{x) and /(Z) be taken to 
include zero and constants.^ In solving them it is assumed that 

^ The fo rms of f{t) assum ed in the conventional heat problems are: f(l) - constant, 
sin eJ^Lsin o-i+a — the last two in problems involving radiation; the same 

four forms occur in electrochemical problems. If when f = Zi, the temperature at which one 
end of the rod has been maintained is suddenly changed (see Byerly: loc. cit., Sec. 51, Ex. 
2) or the current is abruptly varied, f{i) is discontinuous (see p. 2833). 

F(x) is discontinuous in diffusion experiments where a layer of water is superpos^ on 
one of solution. If a change is made in the nature of the Boundary Conditions, i.e. if for 
f>i>, 2 is specified while for t <t>, dz/dx had been specified (or vice versa), the Initial Con¬ 
dition of tne new problem viz. z = F(z) [at t *= t^], will be given by the Solution for i 
of the problem for which the earlier Boundary Condition held, so that F(x) will appear as 
an infinite series (see Tab. I and II). Such cases arise in electrolysis, for instance, when 
the concentration of copper at the cathode has been brought to zero by the current; up to 
that moment dz/dx at the cathode has been fixed by the current, but the new condition 
will be 2 « o. An analogous heat problem would arise if the end of a rod which had been 
maintained at constant temperature, should be thermally insulated. In these cases the 
Solution contains a double series, and every new change in the Boundary Conditions in¬ 
troduces an additional summation; examples are given in Part IV. 
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dzjbi = k.dhldx^ (i) 

where k is independent^ of 2, t and x. 

Tables I and II give Solutions for certain of these problems^, namely 
those in which two out of the three conditions have the form z = o or 
dz/dx = o; solutions of all the others may be obtained by adding the ex¬ 
pressions taken from the fourth columns of the tables, since the differential 
equation (i) is linear and therefore the sum of any number of solutions of it 
is itself a solution. For example, if the Initial Condition is [at < = o] 2 = F(x), 
and the Boundary Conditions are [at x = o] z = f{t) and [sitx — l]z ^ ^( 0 , 
the solution is the sum of the Solutions Table I No. 1, Table I No. la in which 
is to be written for/( 0 , and Table II No. i. 

Table P 

[at < = o] z = o for all values of x. 


Y = = w/2l;a = g%. 

•Jo 


No. 

Boundjiry 

Conditions 

Solution^ 

N 

'if{N,gx) 


[at z = 0] 

[at X = 1] 

2 = 



I 

2 = m 

2 = 0 

4a Y / TT 

in 

in.sin ingx 

la 

z = 0 

2 = fit) 

4a Y/t 

in 

(—i)^+* 277 .sm ingx 

2 

2 = fit) 

dz/dx = 0 

4 aY/ 7 r 

m 

m.sin mgx 

2a 

dz/dx = 0 

2 = fit) 

4a Y/tt 

m 

(_ l)n+i 

3 

dz/dx = fit) 

2 = 0 

2kY/l 

m 

--cos mgx 

3a 

2 = 0 

dz/dx = f{t) 

2kY/l 

rn 

(_i)»»+i si7i mgx 

4 

dz/dx = fit) 

dz/dx = 0 

2k,^ X / 

/ /(^)*^^) cos 2ngx 

4a 

dz/dx = 0 

dz/dx = /(<) 

2k 1 n 

—(^Y+~J f(u).du) 2n —{—i)’''^'^.cos2ngx 


^ The assumption that k depends on z (e.g. that the diffusion constant depends on the 
concentration) accords better with the facts; but if in Eq. i, k be replaced Iw ^(z), the result¬ 
ing differential equation is not linear, and Viecause of the mathematical difficulties involved, 
the general case has not been dealt with. An equation for the ^‘Stationary State’* (i.e. when 
f = 00) has been deduced by Rosebrugh and Miller [loc. cit. p. 829] in the case of electrolysis 
with constant current, 

^ The Solutions given in Tab. II and those of Nos. i, la, 2 and 2a of Tab. I are given in 
treatises on the conduction of heat [e.g. Byerly: loc. cit., Art. 61-63]. No. 3 of Tab. I is 
given by Rosebrugh and Miller: loc. cit. Eq. 44b. » 

3 Here and throughout the paper, m is written as an abbreviation for 2n — i and S for S. 

n««i 

^ The Solution given by Byerly (loc. cit.) for the conditions of Tab. I No. 2, after trans¬ 
literating, is 

2 = /(O ~ (4/7r)./(0.2(stn mgx)fm 4 - ^aYlir (A) 

He does not point out that the first and second members on the right of (A) are equal in 
magnitude and opposite in sign, and therefore cancel; the implication seems to be tnat at 
x==o the second and third terms on the right become zero (since sin mgx = o if z~o), 
leaving 2 « fit). This however is not the case; the Solution given in Tab. I No. 2 consists 
of the third term only on the right of (A) and may be written, after integrating by parts, 
2 * /(O. (4/’*') S(stn mgx)lw. — f'{i). (^/t) . 2(«tn mgx)lm^a -f- •.. 

— /(o) • (4/^) • S(8in mgx e-^^)lm + ... (B) 

When a; —► o, each of the series on the right of (B), except the first, approaches zero; while 
for all values of x no matter how small except for x identically zero, (4/ir). S(stn mgx)lm 
= I; so that 2 = /(O. Now in the physical phenomena which the mathematical formulas pur¬ 
port to represent, there is obviously no discontinuity at z = 0; so that if the formulas in¬ 
troduce a discontinuity there, it is the value when z o and not that when z is identically 
zero, that represents the physical condition at z * o. The same remarks apply to Byerly^ 
Solutions of Tab. I Nos. 1 and la. 
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Note: The condition common to all the Solutions in Table I, viz. 
''[at f = o] z = o”, may be replaced by "[at t — t\]z — Zo^ by writing (i—<i) 
in place of t and {z — Zo) in place of z throughout the Table. 

Since it is obviously open to the computer to assign the value a: = o to 
whichever end of the rod or cylinder he pleases (the other end then taking the 
value X = Z), he can always choose freely between employing Solutions i or 
la, 2 or 2a, etc. The value of x corresponding to any given point on the rod 
will obviously be different in the two Solutions; but this is compensated for 
by the different forms of ^(iV,9x), and if the terms of Y be written out for 
any fixed point on the rod, they will be found to be identical in the two 
Solutions (cf.p. 2798). Thus if the series is to be summed directly i.e. if num¬ 
erical values of the terms are to be computed and added, neither form has 
any advantage over the other ; but if its sum is to be found by the use of 
approximations based on Poisson’s Formula, la, 2a, 3a and 4a are not so con¬ 
venient as the others. 

Table II 

[at Z = o] 2 = P{x), 



y = 2 c ^^.trig Ngx,J'^F(K),trigNg\.d\; g = Tcjil^a = 

g^k. 


No. 

Boundary Conditions 

Solution 

N 

trig 


[at X = 0] [at X = 1 ] 

* = 



I 

il 

0 

II 

0 

2YII 

2 n 

sin 

2 

z = 0 dz/dx == 0 

2 YII 

m 

sin 

2a 

dz/dx = 0 z = 0 

2Y/I 

m 

cos 

3 

dz/dx = 0 dx/dx == 0 

2 Y/l + {i/l).£‘F{\).d\ 

271 

cos 


Note: The condition common to all the Solutions of Table II, viz. 
"[at Z = o] 2 = F(x),” may be replaced by "[at Z = Zi] z ~ Zo = F{xy^ by 
writing (Z — Zi) in place of Z and z—Zo in place of z throughout the Table. 


Sec. 2: Problems leading to the differential equation (2). 

(4) Heat conduct.'on problems in which radiation is taken into account, 
and diffusion problems where the diffusing constituent is being destroyed 
simultaneously by reason of a chemical reaction whose rate is porportional 
to the concentration of that constituent:^ Here the Initial and Boundary 
Conditions are those already established; but the differential equation is 

dy/dt = hd^y/dx^ - Ky (2) 

in which y (instead of z) is written for the temperature or concentration, and 
both k and K are positive and independent of y, t and x. 

Solutions of (4): —The solution of the differential equation (2) is 

y = 2.e"^‘ (3) 

^ For detailed discussion of electrochemical problems of this kind, see Rosebrugh and 
Miller: loc. cit. p. 864. 
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where 2 is a Solution of (i); and Tables I and II may be converted into tables 
of the Solutions of this second group of problems^ by writing y instead of 2, 
multiplying the entries headed ‘^Solution^’ by and replacing/(w) wher¬ 
ever it occurs by Thus the Solution of Eq. 2 which satisfies the 

conditions [at / = o] ?/ = F{x), [at 2: = oj dy/dx = fit), [at x = 1 ] dy/dx = o 
is given by 


y = 


+ 


-k,e 


-Kl 


I 

.-Kt 


ht r 

t[^L 


,gx. A’(X).fos 2nffX.f/X + 

%/ o i/ 0 J 


,6 2ngx 


Sec. 3: “Solutions for the Infinite Rod”. 

In the text-books it is customary to discuss the flow of heat in an infinite 
rod (i.e. Z —> 00) as a problem apart, and to find Solutions directly from the 
differential equations*^. Fourier shewed that this procedure is not necessary; 
and in the present paper we treat the problems of the infinite rod merely as 
special cases of those solved in Tables I and II, and their solutions as limiting 
cases of the Solutions of those tables. The solutions in question may be 
obtained from Table IX by deleting the last expression on each line of that 
table and writing » instead of I as the upper limit of integration in Nos. II, i 
to 11,3; see Rule II, p. 2841. 

The customary treatment of such problems obscures the fact that the 
“Solutions for the Infinite Rod” approach exactitude as kt/P approaches 
zero; they are exact not only when I is infinite but also when I is finite if kt 
is infinitely small.'* In practice the Solutions obtained as shewn above from 
Table IX may be employed with rods however short provided that kt is small 
enough; no matter how long the rod may be, they are not valid if the experi¬ 
ment be too prolonged; while for given values of kt and Z, the error introduced 
by using them depends on x, i.e. on the position on the rod for which the 
temperature is sought. All this is dealt with in detail below; see Sec. 9 
approx, i. 

PART II 

THE POISSON FORMS OF THE SOLUTIONS OF TABLES I AND II 

From a purely mathematical point of view the Solutions given in Tables 
I and II are perfectly satisfactory; but from the point of view of a laboratory 
worker who wants numerical wsolutions for problems involving data supplied 

’ Byerly gives the solutions of Eq. 2 for the conditions of Tab. I No. la and of Tab. II 
Nos. I and 3 [loc. di. Art. 63]. 

* Byerly gives solutions valid for Z —> « of Eos. 1 and 2 with the conditions of Tab. I. 
Nos. I and 2 and of Tab. II No. i [loc. cit. Art. 51 f. The solution of Eq. 1 for the conditions 
of Tab. I No. 3 when fit) = constant has been dealt with by Weber [Wied. Ann., 7 , 536 
(1879)] and by Sand [Phil. Mag., 6 1, 45 (1901) and Z. physik. Chem., 35 , 641 

and when/(f) = sin {hH-{-a) by Warburg [Wied. Ann., 67 , 493 (1890)). The solution of 
Eq. 2 for the same conditions has been deduced by Rosebri^h and Miller when/(f) » con¬ 
stant [loc. cit. Eq. 81] and when/(f) = sin (6*f-|-a) [loc. cit. Eq. 109]. 

* Rosebrugh and Miller: loc. cit, p. 828. 
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by his experiments, they will usually prove to be almost usele^ss; for each of 
them involves at least one infinite series, and unless the data are specially 
selected with an eye to avoiding difficulties of computation, the labour in¬ 
volved in computing the terms of these series and adding them together will 
usually be prohibitively great. The question “How can these series be 
evaluated when direct summation is not practicable?^' must therefore be 
answered if the Solutions of Tables I and II are to be put to practical use; 
the remainder of this paper will be devoted to a discussion of this question, 
which in its generality has not been dealt with in the text-books although 
they give finite expressions for the sums of a few of the series and supply 
solutions free from series for certain of the problems when I or t has the 
special value 00. 

The discussion of this question necessarily begins with an examination of 
the mathematical forms of the series to be evaluated; this leads to the formu¬ 
lation of relations between these series and certain others of simpler form to 
which we give the name “Series of the 6-Family" because they include the 
series contained in Jacobi's four theta-functions. Now for each of his theta- 
functions Jacobi has found an equivalent expression (called by us its Poisson 
Form) which, like the theta-function itself, involves an infinite series; but 
the series in these Poisson Forms are rapidly convergent when certain of 
the quantities involved have values that make the series in the original 
theta-functions slowly convergent and therefore difficult to evaluate by direct 
summation. The present Part shews how analogous expressions may be 
obtained for all the series of the 0-Family, and also for those of the Families 
to which the series of Tables I and II belong. 

The discussion would have been shorter if Jacobi's formulas had been 
taken for granted and used as a starting point; our own experience has con¬ 
vinced us, however, that it is very difficult to apply these formulas in practice 
without such insight into their scope and meaning as follows from a clear 
apprehension of the arguments upon which they are based. Now the work of 
Jacobi is usually taken up in connection with Elliptic Functions and is not 
included in the mathematical courses ordinarily prescribed for students of 
(^hemistry, nor is it easily “picked up" from the texts; the very clearly writ¬ 
ten treatise of Briot and Bouquet^ for instance, the only text-book we know 
which bases the properties of the Elliptics on a preliminary study of the 
Thetas, tajees hundreds of pages to arrive at the “Poisson Forms" referred 
to above. These same expressions, however, follow at once from a theorem 
generally known as the “Euler-Maclaurin Sum-Formula with Poisson's 
Remainder", which we call “Poisson's Formula" for short; the deduction is 
given in Sec. 6 below. Thus the discussion might have begun with Poisson's 
Formula instead of with Jacobi's; but unfortunately this formula, like the 
other, is omitted from the conventional courses; it was originally deduced 
from a theorem which is now unfamiliar, and nobody seems to have noticed 
that it is only a special case of Fourier's equation for expressing an arbitrary 

^ Briot et Bouquet: ‘Tonctions elliptiques,’’ and Ed., (1875). 
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function as a cosine-series—the proof of this relationship is given in Sec. $. 
Thus the ‘Toisson Forms’^ referred to above (including those originally 
tained by Jacobi) are ultimately deducible from the formula known as 
“Fourier’s cosine-series,” and we have adopted that familiar formula as our 
starting point. 

Because of the number of independent relations that have to be estab¬ 
lished, the Sections of this Part may at first sight seem somewhat unrelated; 
the order of the argument is:— (Sec. 4) Examination of the mathematical 
forms of the series of Tables I and II, which brings out their relations to the 
series of the 6-Family; development of a system of symbols for the compact 
representation of individual series and groups of series; and discussion of the 
means whereby one expression for a given series may be replaced by another. 
(Sec. 5) Deduction of Poisson’s Formula from Fourier’s cosine-series. (Sec. 6) 
Application of Poisson’s Formula to find the “Poisson Forms” of series of the 
0-Family. (Sec. 7) Combination of the results of Sec. 4 and 6 to find the 
Poisson Forms of series of the ^-Family (including the series of Table I) 
and of the A-Family (including the series of Table II). Parts III and IV 
shew'liow the relations established in Part II may be used to find the sums 
of slowly converging series of the ^-and A Families; and Part V employs 
them in the construction of convenient formulas for evaluating certain integrals. 

Sec. 4: The mathematical forms of the series of Tab. I and II 
Four^ Families of series and their subdivision. 

Forms of Table I: At the head of Table I there is given a general expression, 
Yf for the series involved in the Solutions collected in that table. In this 
expression the limits of the integration (viz. o and t) are independent of the 
variable of summation n, and the limits of summation (viz. i and 00) are 
independent of the variable of integration, u; it is therefore permissible to 
change the order of integration and summation and to write 

Y of Table I = /‘/(u). {Se N,gx) } .du (s) 

where N is cither 211 or 2n-i, and the fonns of ^(AT, gx) are those given in 
the last column of Table I. 

Series of the 0 -Family:—If now the name “ 0 -Family of series” be used 
to include all series of the general form 

0 = (sin or cos)NX (6) 

(where N is any linear function of n, and N, T and X are all positive* and 
independent of one another), and also all series derivable from these by omit¬ 
ting terms and changing the signs of those retained according to any law, 

' The fourth, viz. the ^-Family, is defined on p. 2856; see also Tab. Ill No. 9. Special 
consideration of this Family is not necessary when discussing the series of Tables I and II, 
and the only references to it in Parts II and III are those needed to avoid repetition in 
Party. 

* If r were negative the series would not converge; if N or X were given negative values, 
the only effect would be to change the sign of sinNX, 
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exaiiiinatioii of the last column of Tab. I will shew that all the series within 
{} of Eq. s are either members of the 6-Family^ or are derivatives with re¬ 
spect %o X ^ gxol members of that Family. 

Series of the ^-Family: — Every series of Tab. I may therefore be obtained 
from a series of the 0 -Family (or its derivative with respect to gx) by multiply¬ 
ing the latter by /(w). du and integrating between the limits o and t; any series 
so obtained will be spoken of as a member of ‘^the ^-Family of series^' or as a 
derivative with respect to gx of a member of that Family, since (t being in¬ 
dependent of g and of x) it is immaterial whether the differentiation with 
respect to gx be performed before or after the integration with respect to u. 
Tab. Ill No. 8 is an example of this Family. 

Forms of Tab. II: — Applying the trigonometrical formula for the product 
of two sines or of two cosines to the series included in the Solutions of Tab. 
II, it will be seen that every one of them can be expressed as the sum or dif¬ 
ference of two series of the form 

fjFQi).{^e-^’^.cos Ng{x±\)\.dK (7) 

in which N stands for 2n or an— i. 

Series of the A-Family: — The series within {} of (7) are obviously members 
of the 0 -Family as defined above, and therefore all the series of Tab. II may 
be obtained from series of the 0 -Family by writing at for T, g(x ±\) for X, 
multiplying by F(X). dX and integrating between the limits o and Z. All the 
series so obtainable (whether the 0 - 8 eries involves sin NX or cos NX) will 
be spoken of as ‘‘the A-Family of Series’’. Tab. Ill No. lo is an example of 
this Family. 

(4a) Subdivision of the Families: Symbols. 

Of the four Families of Series defined above, two (viz. the and A Families) 
are important from the point of view of the present paper because they (and 
their gfx-derivatives) include the series of Tab. I and II; the third (viz. the 
Sf-Family) occurs in the approximations of Part V; and the fourth (the 0 - 
Family) is introduced because the series of this Family are simple in form 
and are therefore easy to handle, while many of the relations needed in evaluat¬ 
ing the series of the other three Families follow at once when those for the 
0 -Family are known. 

We have found it convenient, indeed necessary, to replace the conventional 
mathematical expressions for the series of these four Families by shorter 
symbols which emphasize the peculiarities of form important for the purpose 
of this paper. For instance, an italic c is used to indicate that the trigono¬ 
metric factor is a cosine, and a subscript s that it is a sine. Thus: 

0 c = Xe^^'^.cos NX Bs = 'Se^^'^.sin NX ffi) 

^ Since z and are all positive and independent of one another and of n, so 

must gx »» WZ/2I and o(<—u) « g’^k{i—u) be; and the substitution of gx for X and a(t--u) 
for T involves no loss of generality. The condition common to all the problems of Part I 
vi*. o g ^ Z, fixes r/2 as the maximum value of X^gx that can appeiu* in the Solutions 
of Tab. I and II; but series with other values of X are also dealt with, see Tab. V p. 2799 
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The various *‘types of summation^’ are indicated by prefixes; thus [all] means 
that N — n and that the + sign is prefixed to each term of the algebraic ex¬ 
pression^ for the series, as in the expansions for [aZZJOc, [all\ic etc. 

given in Table III; such expressions contain cosines or sines of all the multiples 
of X (or gx)j and, in their exponents, the squares of all the integers. The 
prefix [even] means that the first, third, etc. terms of these expressions are 

Table III: Definitions 

1. [aW] 0 c = .cm nX = .cos 3X + . • 

2. [aZZ] 0 ^^ = sinX+e-'^^.sin^X+e^^'^.sin3X + ... 

3. [cr«?/?]0c = cos 271X = .cos 2A" + 4A + ... 

4. \o(hJ]Qc = ^e'^”^^^.cos mX = .cos X-\-e'~^^ .cos.cos sX-^-.. . 

5. [(ilt]Qc = w(~ riA^ = A — 2X H—... 

6. [H^ew-aZ/J0c = w(—.co.s2nA = e~^^.co.s‘2A —e“‘^^*^.cos4A’'H— 

7. [odfl-‘alt]Qs = 2(—= — e“^^.6‘m3A H— .. . 

For use in defining 4 >, replace T by a{i — u) and A" by gx. 

For use in defining replace T by au and A by gx. 

For use in defining A, replace T by at and A by g{x =bX) ^ 

Here and throughout this paper, g == 7r/2Z, a = g-ky m = 2n — i, 2 = S 

8. [all]^c = ^cos 7 igx.j\-^^^-^^^^-‘^^KS{u).du 

9. [all]'^c = 2cos n^x. dii 

10. \nll]Ac = 2 e“''^'^^y F(X) cos 7 ig{x ±\) .d\ 

Table IV 


Symbols for the series of Tab. I and II. 


Tab. I No, 

I Y = 

— d/d{gx). [ev€n]^c 

yj 77 

la = 

— d/d{gx). [even-alt]^c 

77 77 

2 = 

— d/d{gx) .[odd]^c 

77 77 

2a = 

d/d{gx). [odd~alt]^s 

77 77 

3 

— [odd]^c 

77 77 

3a 

[odd-ali]^s 

77 77 

4 

— [even]^c 

77 77 

4a = 

— [even-alt]^c 

Tab.» II No. I y = 

[ev€n]Ac{x—\) — [6z;en]Ac(x+X) 

77 

” 2 

[odd]Ac(x~X) — [odd]Ac(x+X) 

77 

” 2a = 

[odd]Ac(x—X) + [oddAc(x+X) 

77 

” 3 = 

[even\Ac{x—\) + [^t^cn]Ac(2;+X) 


^ It does not mean that the ^^absolute value” of each term is to be taken; for example, if 
r «= I and A » ir/5, the first three terms of [aZijec are: 0.297621 -f 0.005660 — 0.00003S. 
* Ac(a5* -X) means that A in 0 c is to be replaced by g{x—\). 
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omitted and only the even terms retained, as in [even]Qc of Table III; the 
mesxun09 of four othe? prefixes are made clear by the examples given in that 
table. In Table IV, the series occurring in the Solutions of Tables I and II 
are tewritten using these 83rmbols. 

(4b) Alternative mathematical expressions for the same series. 

Two Groups within each Family. 

One and the same numerical series may be represented by different alge- 
Inaioal expressions, and therefore by different symbols; this possibility has 
already been referred to in connection with Solutions i and la etc. of Table I. 
It will now be shewn that the use of expressions of alternating types (such as 
olf, evenroU, odd-dU) or with angles greater than rc/2, is not compulsory in the 
case of series of the Q ^'if and A Families; as such expressions can always be 
replaced by others (for the same series) in which the type is non-alternating 
and the angle lies within the first quadrant. Also that in the 0 <E> and ^ 
Families an expression of any other type can be replaced by a single expression 
of the odd or even type. 

The replacements in question are effected by means of three Relations, 
and lead to the definition of two Groups. They consist merely in the replace¬ 
ment of one algebraical expression for a given series by another for identically 
the same series; the substitution of the “Poisson Form” (see Sec. 6 and 7) 
on the other hand, consists in the replacement of the given series by a wholly 
different series which has the same sum. 

(i) Relations arising from the convergence of the [odd] and [even] series :— 
Any series that consists of a finite number of terms (which for the purpose of 

2 k 

illustration is supposed to be even) may be represented by f{n) ; and it is 

n 

obvious that such a series can be divided into two other series, one of which 

k 

viz.J] i) consists of the first, third etc., or ''odd^^ terms of the original 

it 

series and the other viz. 2 ] /(2^0 of its second, fourth etc,, or “eveii^^ terms; 

n-i 

and that 

2 k k k 

Z/(”) = Ilf(2n-i) + 2^f(2n) ( 8 ) 

n«i 7»«i 

2k 

Mcoeover, if an “alternating” series 21 ( — i)"'^'./(n) be formed by changing 

n «i 

the signs of the even terms of the original series, then 

2k k k 

2; (-1)”+* .fin) = Z /(2«-1) - L (0) 
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Briefly: [all] = [odd] + [even] * [nU] + 2[even] 

[alt] = [odd] — [even] * [all] — 2 [even] 

These relations hold for any finite value of k; and if the [odd] and [et*en] series 
be convergent, i.e. if in each of them the sum of all terms after the fc’th be 
negligible, these same relations obviously hold when the upper limits of all 
four series are infinitely great* as they are in the series of the Families con¬ 
sidered in this paper. But the condition that [all] should be convergent is not 
sufficient to ensure the validity of (10) and (ii) when A; = «; for this eondi- 
tion is consistent with the divergence of [orfd] and [even], as is the case for 
example when [all] — 2(cos mr)ln. 

As all the [odd] and [even] series of the present paper are convergent, the 
sums of the four series [all] 6 c, [even] 6 c, [odd]Oc, and [aU]Qc for any given 
values of T and X (the same for all of them) can be found if the sums of any 
two of them are known; similarly with the series of the other three Families. 

(ii) Relations valid for all seiies which fulfill the condition (/) above and 
which are of the form 

Series = 2 /( A'). cos or sin NX (12) 

or Series = ' 2 f(N) . ffiX) .cos or sin NX .d\ where X = func(X) (13) 

Series of the 0 ^ and Families are of the first form, those of the A Family are 
of the second.^ 

Table Va contains all the relations in question that are made use of in 
this paper; they may easily be obtained from Eqs. 10 and ii and cos X) 
= cos (X—B) = cos B.cos X + sin B.sin X. For example, the series 
represented by 2/(n) cos nX is identical, term for term, with that represented 
by — 2 (—1)'‘ /(n) cos n(7r— X), so that these two expressions are merely 

two different ways of representing the same thing; in Tab. Va they have been 
abbreviated to [all]X and — [alt]Tr— X, since the sign, the type of summation 
and the angle are the only respects in which the two expressions differ. 

Two Groups of series within each Family: — It is clear from Tab. Va that 
the series entered there (viz. those in which the trigonometric factor is a 
cosine and the type is [all, even^ odd, altf or even-alt], and that in which the 
factor is a sine and'thjpg|ype is odd-alternate) can all be represented by ex¬ 
pressions of the [odd] an 3 ^^^fciJ>«n] types in which the angle lies within the first 
quadrant; i.e. that the sums of all these series, no matter what value might 

^ If for instance the symbol [all]E be given to the series i -f x + xVi-2 -h x®/i.2.3 + . . 
=* then sink x, cosh Xj sin x and cos x would be represent^ by [eoen]E^ \odd\Ey 
[ali]Ey and [odd-aZi]!? respectively* the relations of Eqs. 10 and il obviouiriy 

hold for these members of “the Exponential Family.'^ 

2 Another example is furnished by Fourier^s cosine series F( X) — ho 12 •= Xhn -eos nX, 
If \all] be written for the series on the right, then [even] = S6,n eo 9 2 nX, etc.; and from 
Table Va, writing m for 2n-i, 226,n.co« 2nX = F{X) -f Fir-X) — ho; 2 Xbm.cos mX 
* F(X) — Fiir—X); X( — i)n bn.cosnX -Fiir—X) — 60/2; 2S( — i)».dm .cm 2nX * 
F(ir/2 - X) +F(ir/2 + X) - ho; 2 X(-j)n+i.hm sinmX^F{T /2 - X) -F(ir/2-hX). 



Table V: Replacements 

[aSl » [even] + [odd] =* Xfin),cos nX. 

[o-a «fn] * S (— i)""*'*./(in).8in mX where w = 2n— i; but in the other four expressions of the last line of Va, as dsewhere 
throughout the table, the trigonometric factor is a cosine. 
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pression involving an angle in the second third or fourth quadrant may be replaced by another expression (for the same 
series) whose angle lies in the first quadrant. The table also shews how to replace an expression of an alternating type 
by an expression or expressions of a non-alternating type for the same series; such replacements must be made before the 
approximations of Parts III and IV are used. Examples of the use of this table are given under Summary^ p. 2801. 
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be assigned to X, could be computed from numerical tables' of [even] and 
[odd] for the same Family extending over the range o ^ X ^ 7r/2, or from a 
table of [all] for o ^ X S ir. These series and all others^ which cm be ex¬ 
pressed in terms of [all] or of [odd] and [even] by the methods used above, 
constitute a Groups within the Family which will be distinguished^ by 
the subscript thus: the Qe Group, the Group, etc. A second set of 
Groups, viz. the Qp and Groups, includes all series for which (by 

means of Eqs. lo and ii and the trigonometrical expansion for sin X±B) 
expressions can be found in terms of [aZi] 0 s, [all]^s etc; the Qp Group, for 
instance, includes [all, even^ oddy ally and even^alt]Qsy [odd->alt]Qcy etc. As 
none of the series of this second set of Groups occur in the Solutions® of Tab. 
I and II (see Tab. IV), and as the methods of approximation developed for 
the first set of Groups are not applicable to the second, it is not necessary to 


^ Complete tabulation of 4 > ^ or A would require triple-entry tables for each form of 
/(u) or F(\), which is quite impracticable. For [oddl0c and [ee;en]0c, double-entry tables 
are sufficient; values of these functions may be found from Hou 61 *b four-figure tables of ^9 
= 1 -f 2 [ctJ6n]ec and 62 = 2lo(id]Oc which extend from X o to X * t/I at intervals of 
ir/20 and for 10 values of T from T = 0.381 to 7 ’ = 1.618 at intervals which increase with 
increase in T [see Jahnke und Emde: ‘Tunktionentafeln'^ (1923) 1 * But four-figure values 
of these functions over the range of Houel’s tables can be found by summing two terms at 
most of the series given in Table III; and six-figure values for any T and X can be obtained, 
as shewn on p. 2809 below, without looking up more than three exponentials in any case. 

® For examplec~^ — -j- c—49^ [oW] 0 cwhere T ^ B andX * 

ir/4) -h \/2 { [alt]Bc where T = 16H and X = 0}. If the signs run + H-, instead of 

-j--p as above, the series is a member of the Of Group. Half the sum of the two, viz: 

2(-.i)n+i therefore belongs to neither Group, although it is a member of the 

(i-Family, 

® Jacobi’s four Theta-Functions are closely related to our functions of the Be Group; 
they are:— 

^(X) = I — 2\even‘aU\Bc ^i(X) 2[odd-aZ^]0s 

ei(X) = 2[oddl0c ^8(X) « I +2[et;enl0c 


The reason f3r the numerical term and the factor 2 when Jacobi’s functions are expressed 
in our symbols is that his summations extend from — « to *0 (see the first line of Tab. 
VIII) while in the series of our 0-Family the limits are i and «. 

The symbols X) etc. defined above are those of Jacobi’s later notation as used in his 
lectures [see Infinitesimal Calculus, Encycl. Brit. 9th Ed., Vol. 13, p. 71 ]. In Briot’s nota¬ 
tion our X is replaced by irz/w, but 0( X) by e(z) instead of by ${irz/ui) [Briot and Bouquet: 
loc. cit. p^. 115]. Jahnke and Emde [loc. dt. p. 48] write tv for X but use $(v) instead of Bix.v) 

In Uayley’s treatise [A. Cayley: ‘^Elliptic Functions,” 2nd. Ed., (1895)] the Theta- 
Functions are given second place; Briot follows Jacobi in basing the theory of the Elliptics 
on a previous study of the Thetas. In transliterating Briot’s Equations, 


q = p = i/C = V7r/4jf'; ttz/w 

If X be replaced by gx = 7 rx/2lf then z = x and w = 2I. 
p. 267], e.g. 


~ X; w'/w * 4iTlir, 

Briot’s equations (13) [loc. cit. 


taken in conjunction with his definition of t? [he. cit. p. 265] and C [loc. cit. Eq. 35, p. 320] 
give the Poisson Forms of Jacobi’s four Theta-Functions, and correspond to four of the 
equations of our Tab. VIII. 

^ The names ^^Cosine-Group” and ^^Sine-Group” naturally suggest themselves; but it 
must not be forgotten that in certain series of the Cosine-Group, e.g. [od(Mt] B«, the 
trigonometric factor is a sine, and vice versa. The symbols here employed have been chosen 
because the Poisson Forms of the series of the 0 ^ Group are expressed as Exponen^tials (see 
Tab. VIII) while those of the Bp Group are expressed in terms of the function F (see 
p. 2811). 

® Sohitions of the differential equation (1) which involve instead of are not con¬ 
sistent with the Boundary Conditions of Part I. 
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go into details; but it must be emphasized that the two sets are mutually 
exclusive.^ 

(m) Relations valid for all series which fulfill the conditions of (i) above, 
and are of the form 

Series = 2/(n6, nc) (14) 

i.e. series in whose general terms fc, c and n occur only in the combinations 
nbj nc. Series of the 0 -Family come under this head with b = \/T and c — X; 
so do series of the ^ and ^ Families with b = \/a and c = gx; but series of the 
A-Family do not, since in the general term of [all]ACj see Tab. Ill, g occurs 
both together with and apart from n. 

In series of the kind considered, [all] = '^f{nbj nc) and [even] = 
S/(2n.i), 2/1.c) = S/(/i.2fc, n.2c); i.e. [even] with b = B and c C, and [all] 
with 6 — 2J3 and c = 2C, are merely two expressions for the same series. 
From this it follows that a table of [even]Qc for angles in the first quadrant 
only, would serve to evaluate all members of the Qe Group; the same is true 
mutatis mutandis for series of the ^e and '^e Groups but not for those of the 
Ke Group. See Table V 6 . 

Summary: — By means of the Relations collected in Tab. V, any series of 
the Qe, or ^E Groups can be replaced by a single expression of the [even] 
or [odd] type with its angle in the first quadrant; in the case of scries of the 
^E Group such replacements must be made before the approximations of 
Part III can be used. For example, if the series to be summed be presented as 
[odd-alt ]^8 with/(w) = i, ^ = 0.108, a = i,gx — /r/io, the replacement may 
be effected by entering Tab. Ya at the line [o-a sin] and column o < X < 
7r/2, which gives [odd]Tr/2 — A"; i.e. [odd] 4 >c with gx = 7r/2 — tt/io = 27 r /5 
and all the other constants unchanged, is an expression for the given series 
which is suitable for use in Sec. 9 (see Ex. 3, p. 2825). As a second example, 
suppose that [aU]^c mthf{u) = i, ^ = o.i, a = i, and gx = yir/s is to be 
summed;Tab.V6,line [att], columnTT < A" < 27 r,gives —[€ven]a/4y(gx — Tr)/2; 
that is, — [ev€n]^c with a = 0.25, gx = 7r/5 and the other constants as given 
above, is the expression desired (see Ex. 1, p. 2825). Similarly, [all]^c with 
a = I and gx = Stt/s may be replaced by [even]^c with a = 0.25 and gx = 
tt/ 5 if the other constants be given the same values in both (see Ex. i, p. 2825). 

In the Qsy^E and ^^e Groups it is possible to replace [odd] by the difference 
between two expressions of the [even] type; for instance [odd]<f>c (with a and 
gx) =a [even]^c (with a/4 and gx/2) — [€ven]^c (with a and gx); but such re¬ 
placements do not help with the approximations of Part III. 

(4c) The Converging Exponential: Stationary and Evanescent Series 

The reason for emphasizing the ‘‘Converging Exponential” e^^'^is that 
the rapidity with which any given series whose terms contain this factor con¬ 
verges, and therefore the ease of evaluating it by direct summation, depends 
on the value of T more than on any other single feature; when T is large, the 

^ They are related by the equation 

[aZI]6c -h t. [oH]0« = 
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numerical values assumed by in successive terms of the series (i.e. when 
n is given the successive values i, 2,3, etc.) diminiA so rapidly that, generally 
speaking,^ all except the first few terms may be negleoted in computing the 
sum; while when T is very small, this source of rapid initial convergence dis¬ 
appears. By way of illustration, the values of for successive values of 
n when T == i may be compared with those when T »= 0.01:— 

n 12345 

6 .36788 .01832 .00012 .00000 .00000 

99005 .96079 .91393 -85214 .77880 

Other things being equal, the least convergaat series are obviously those 
in which T = o; to evaluate these by direct summation would in many cases 
involve the computation of hundreds or even thousands of terms; on the other 
hand, their mathematical form is relatively simple, and for some of them 
finite expressions can be found which give their sums exactly. Such series 
arise when in the general expressions for 0 or A, the value zero is assigned to 
T; the Stationary Series (p. 2803) which play an important part in the numer¬ 
ical evaluation of series of the ^>-Family have another origin, but like the 
former lack the converging exponential. 

Series of the Q-Family when T == o;— There are only two forms, viz. 
^cosNX and 2sinNX, Such series, strictly speaking, are not convergent 
and have no sum; but if they be regarded as the limits when T —♦ o of 
{cos or stn)NXf the sums of some of them may be found by setting IT = o 
in the equations^ of Table VIII and in Eqs. 35 and 36®; see Table VI. 

Table VI 


Series of the 0 -Faraily when T—to. 


I. 

cos nX = — 1/2. 2. 

Xtcos 2nX = — 1/2. 3. Xcos mX^o 

4 - 

S (-i)'‘+'.cosnX = 1/2. 


S. S (i — 2nX » 1/2- 

6. 

S (-i)”+‘.smwX = 0. 


7. 2S sin nX = cot (X/2). 

8. 

2S sin 2nX = cot X, 


9. 2 Ssm 771 X == cosec X, 

10. 

2 sin nX = tan {X/2). 

II. 2S(—i)”'^\s7n 2nX » tan X. 

12. 

2 2 (— 771 JV = sec 

X. 



Series of the XFamily when T = at = o: — Such series if derived from mem¬ 
bers of the Group can be expressed as the sum or difference of two t^gono- 

^ There are exceptions, see p. 2823. 

When the value of X is such that the value of every term of the aeries is identically i, 
or every term is identically zero, or is identically — i, the sum is 00, o or — « as the case 
may be; and these sums are to be accepted in place of those given in Table VI if there is 
any discrepancy; for in such cases, the substitution of o for 7 ' in the equations Table 
VIII etc. gives rise to the indeterminate form 0/0. For instance Xcas 2nir • and not 
—1/2; aXsin 271 IT — o and not cot t, which is infinite. This mint be borne in faind when 
integrating expressions containing these series, if during the integration X passes through 
one of these singular values. Integrals of some of these series are given by L. B. W. Jolley: 
^'Summation of Series,” Nos. 266-9, 296-7, 317-8, (1925). 

® Note that when y F(y) ilzy; see Tab. XXV No. 3. 
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series dosdy related to Fourier’s “sine-series” and “cosine-series”. 
For exiunple 

*±X).dX = 'Scos 2ngx. fjF(^).cos 2ngK.dK 
^ S»*n 2ngx. f^FQi).sin 2ng\.dK (15) 


See Table IV and TaUe II. 

[If the series be derived from a member of the Ajp Group, the trigono¬ 
metrical series consist of cosines of multiples of gx multiplied by factors like 
those of Fourier’s “sine-series” and vice versa.] 

Series of the ^Family mhen T — o :— The sum is zero in every case, for in 
the definition of 7 ’i 8 r^[dsced by a{t—u); and if a(t—u) — o, the upper as 
well as the lower limit of ^ integration must be zero. 

Stationary and Evanescent Series of the ^-Family :— The first step in com¬ 
puting the terms of any series of the ^-Family is to perform the integration; 
that is to replace the integral whose upper and lower limits are t and o re¬ 
spectively, by an exivession of the form ip{t) — ^(o). By this replacement 
every series of the ^Family can be expressed as the difference between two 
other series, one (via. S:V) arising from the upper and the other (viz. V:i) 
from the lower limit of the integration; thus 


# = 5:4' - (i6) 

For example,* if f{u) = e^, 

5:[erc»]^c = e’*^ ."Sicos 2ngx)/{4.n^a+¥) 

V:[even]^ — 'E{cos 2ngx.e~^”^)/{4n^a+ir‘) (17) 


The name “Stationary Series” is given to and the name “Evanescent 
Series” to V 

The exfHessions for 5 : < 3 ^ and V : $ given in Eqs. 18 and 19 are obtained by 
integration-by-parts:— 


S:^^ZtrigNgx.[^-^- 


m 

■ N*a^ 

/W_ 

N^a 


+ ... + (*8) 


The lower limits of the integrals contained in (i8) and (iq) are the same in both, and 
must be so chosen that on further integration-by-parts, each term arising from the lower 
limit will be identically zero. 


It is obvious from Eq. 19 that when t is very large, o and <i> becomes 

practieally equal to aS: 4 >; this is the origin of the names^ Evanescent and 
Stationary. When/(u) has any of the usual forms, the integral of 


^ For other examples see Note to Table XII p. 2818, also Ex. 10 p. 2830. Ex. 17 p. 2838, 
and Table XIII, p. 2S1S. 

* These names were introduced by Rosebrugh and Miller : loc. cit. p. 847; the expression 
fear whi<^ the symbol V is there us!^, would be indicated in the notation of the present 
paper by — (2ife/l) . (F: [oddl 4 >c). Where no uncertainty can result, the symbols S and 
Vwifi be riiortened to S and V, 
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f{u).du, which we shall name the “Original Integral'^ oali be etpteMd bi 
terms of tabulated functions; i.e. for any given value of N, ttbtMlieal 
value of the corresponding term of S or of F can be found. . , 

As to the convergence of these series, it is obvious from Eqs. 18 and 19 
that (because of the factor any Evanescent Series is more rapidly con¬ 

vergent than the Stationary Series arising from the same It is also obvious 
that the greater N is, the more important the first fraction will be in compari¬ 
son with any of the others or with final integral; from which it follows that 
for large values of N the terms of the Stationary Series approximate in value 
to those of \f{t)/a} Ngx)/N^. In other wm*d8, the convergence of 

after a considerable number of terms is that of 2//AT* and therefore 
direct summation of any Stationary Series is practically inq> 08 aible. Finite 
expressions which give the exact sums of the Stationary Series for certain 
forms of f{u) are known (see Sec. xo); in the case of the Evanescent Series 
no such expressions arc known. 

Neither Evanescent nor Stationary Series are members of the f>-Family 
as defined on p. 2795; but because of their origin it is convenient to deal with 
them together with the series of that Family. 

Stationary and Evanescent Series of the "ir-Family :— In this Family (see 
Tab. Ill No. 9 and Part V, p. 2856) the Stationary Series arise from the lower 
limit of the integration, and the Evanescents (which contain the factor 
from the upper; but as the integrand is of the form e'"‘^*®“./(w).dw, 
^ = 5:^ - V:^. For example, if/(w) = e^"\ 

S\[even]^c = S(cos 2ngx)l{^n^a-‘}p) 

V:[even]^c = e^'’^ 2 (cos 

Sec. 5 : Poisson’s Formula 

It is shewn in treatises on Fourier^s Series^ that when (p{y) is finite single¬ 
valued and continuous for all values of y between ?/ = o and x/ « t (or if dis¬ 
continuous has only finite discontinuities), and moreover has not an infinite 
number of maxima and minima in the neighbourhood of any point within that 
range, then for all values of y between 2/ = o and y = ir 

pTC 00 p 

^{y) = i/^- / (p(y)^d\ + 2/T.J^cosry. j (pQC) .cos r\.dK (20) 

The expression on the right of Eq. 20 is known as the “cosine-series’’ for 

There is a general method for replacing any given integral by another 
whose value is the same but whose limits are different; and under the title 
“extension to Fourier’s series” the text-books^ give the form assumed by the 
cosine-series when the integrals of Eq. 20 are replaced by others having the 
limits — c and +c, or o and c. For the present purpose it is desirable to in- 

1 For example, H. S. Carslaw: “Introduction to the Theory of Fourier's Series," Art. 96, 
pp. 215-216, (1921). 

* For example, W. E. Byerly: loc. cit.. Chap. II, Art. 31. 
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troduco iDt^prsls with the hmits nu and (n+i)ctf, where u is any arbitrary 
constaot and n is any arbitrary integer; this may be accomplished by sub¬ 
stituting r(z—n<a)/a for y; if after this substitution /(?) be written in place 
of v(y)t 30 takes the form^ 

Sit) - (i/«). I {2/0}). COS - I fi},).cos~ d\ (21) 

which is valid for oSpSw, i.e. for nc>>^t^(n+i)u. Expressions for /(nw) 
mid for /(n+1. a) may be obtained by replacing the z of Eq. 21 by nw and by 
(n+i)« respectively; they are 

final) - (i/«). I f(}>).dK (2/w). 2^ cos nn. / fQi).cos — .dX (22) 

_ /'(n-hi)w » /’(n4-i)w \ 

/(n+i.a)) = (i/w). / /(X).ciX+(2/a)).^(~ir.cosr7rn. / f{\)xos—.dk (23) 

•/ nw r I W 

Adding (22) and (23) term by term and dividing through by 2 gives Eq. 24; 
(note that when r is odd, the terms of the sums on the right of Eqs. 22 and 23 
cancel; when r is even, cos rim = i for all integral values of n). 

, , _ /’(n+Ou » r(n+i)o> y 

i/(na>)+i/(n-hi.«) = (i/«).//(X).dX+(2/«).£ //(X).cos^.dX (24) 

-'nw J ,1(0 *** 

If now in Eq. 24, n be given in succession the integral values c, c -f-1, c -|- 2 
... A, and the expressions so obtained for j/Ccw) + 5/(c+I. w), etc., be added 
together and multiplied by u, there results 

«.{i/(c«) +/(c-hl-«) +/(c + 2.w) + ... i.w) -f (25) 

h-l nh03 

«■ («/2)/(ca}) -f (w/2)./(fc<o) + «. 2 ]/(nw) = / /(X).dXThus (a)/2)./(cw) 

n*c+i 

+ 2I) ff(K).cos—.d\ 

r-lJcu " 

Eq. 25 was first obtained by Poisson,^ and includes the ‘^Euler-Maclaurin 
Sum-Formula^^; the argument just concluded shews that the expression on 
its right is nothing but the *‘cosine-series” for the expression on its left. For 
subsequent use it is convenient to have this same relation in other forms; those 
employed below are collected in Table VII. 

^ The simplicity of this form is due to the definition of n as an integer, whence sin rm = o 
and cos rm - ± i; this last factor occurs twice, once in cos ry and again in the integrand, 
the product (cos nm)* * i. 

* M6m. de I’Acad. Roy. des Sciences de llnstitut de France, 6, 571, (1823). 



2&o6 


W. LASH MILLER AND A. R. GORDON 


Table VII: Poisson’s Formula 


(2sa) w.2^/(w")=y --/(o) - -/(M + 

(25b) ^f{nu) — ffQiU)).d\ — -/(o) --fihw) + 22j] ^/(X«).aM anrX.dX 

n«i o ^ ^ 0 

(25c) y]/(wa)) = /(Xw).(iX + -/(Po)) + -/(Qw) + 2 ^ /(Xcp).caa arxX.< 

n*P •/P 2 2 r»l*^P 

(2sd) = y7(X«).dX + i/(Pa)) + i /(Qu)) - [/'(Pft^ - r(e»)] + 

[/'" (p«) - (Q«) ] - ^‘[r(p«) - r«?«)]+etc., 

[signs alternately + and — to include the 2»>ith daiv.] + 
where Pi = (i/ir*).S(i/n*) = 1/6; P» = (3/ir*). 2 (i/n^);etc. 

and R, = 2(— 

00 ^00 
/(Xw).dX — |/(o) + 2S / /(Xw).cos 2nv\.dK 
Jo 

— (P-approx.) + (Remainder) 

(25f) f(2n—i.w) ^ 2J /(Xa?).dX — 2/(“'‘<^) /(2X—i.w)co« 2 n 7 r\,dk 

/ •CO 00 

/(Xw).dX + 22y [^/(X«) —/(2X«) J.cos 2nirX.dX 
(25h) = lyf^).dX) - S(- i)’*+*.y;'(Xw).cos nirX.dX 


= (P-approx.) 


(Remainder) 


Setting c *= o, Eq. 25 becomes (2ja). Replacing X in (25a) by X« and dividing through 
by ctf gives (256), from which (25c) is readily obtained.* If the last term on the right of 
(25c) be expanded by repeated int^ation by parts, (25d) results; the Rg of this equation 
is often spoken of as ^Poisson’s Remainder to the Euler-Maclaurin Sum-Formula/’ while 
the rest of (25d) is the Sum-Formula’’ itself. Setting X » 00 in (256) gives (256) since 
/(«) must be zero or the series will not converge; here the r of (256) has been replaced by n, 

and following the convention of this paper S is written as an abbreviation for S. Eq. 25/ 

nmt 

follows immediately from (256) but is not convenient; since many of the integrals met with 
in practice are known only when the limits are o and eo. The form for [odd] series given 

* Bi/U = 1/12; Bs/U - 1/720; Bs/lb = 1/30240; etc. Adams gives the values of the 
first 62 Bernoulli numbers in Brit. Ass. Reports, 1877 , Notices, pg. 8. 

X—I k 

* Add/(/i<i)) to both sides of (256), which converts S into 2 and •~{i/2)./(h«) into + 

n*i n»i 

ii/ 2 ).f{hw); then write (256) with P instead of h and subtract. 
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in (25^) Is free from this disadvantages; it may be obtained from (25^) by means of the re¬ 
lation [odd] — [aU] — [even], while the shorter form (25/1) follows from (25^) by means of 
the reUtion 2 [even] — [aU] = — [attj. The form (25/1) is that employed for [odd] series 
throughout this paper; and the terms 'T-approximation’’ and ^'Remainder” must be under¬ 
stood to have the meanings indicated under Eqs. 2^6 and 2$h. 

If the '^Remainder” of (250) be expanded by mtegration-by-parts (cf. Eq. 2^d), the 
derivatimi of/(oo) are all zero and only the odd derivatives of /(o) will remain. The 
form so obtained is in common use but is not available when Zf(no)) » Be; for all the odd 
derivatives of «''X*T.co« \X contain either X or rin XX as a factor and therefore vanish^ 
wim X o. 


Geometrical Illiistration 



The significance of Poisson's Formula and of the ‘T-approximation" is 
ilhistrated in Fig. i. From the scales of ordinates and abscissas given in the 
Figure, it is obvious that the area of the rectangle [o, /(o), A, w] is w ./(o), the 
area of the rectangle [a?, B, C, 2«] is w./(a?), and so on. Thus the area under 

4 

the heavy stepped line is «. S/(nw), and that under the dotted stepped line 

n *60 

s rs 

is «.Z/(nw), while the area under the smooth curve is / /(X).dX; finally 

n*! m/O 

the area under the jointed line lying just above the curve (the average of the 

4 5 

areas under the two stepped lines) is <i>/2. {S/(n«) + S/(n<o) j. Therefore 

n *0 
4 

(j) .Hfinw) + to/2./(o) + «/2./(5co) = 

n *1 

/(X). dX + area between jointed line and curve (26) 

Comparing Eq. 26 with Eq. 25, it appears that the sum on the right of the 
latter represents the area lying between the jointed line and the curve; and 
that the approximation to the value of the series arrived at by neglecting 

‘ Lwendre [Traits des fonctions elliptiques, Paris, Vol. II, p. 578 (1826)] encountered 
a case uke this before Poisson’s Formula had been published, and (not to put too fine a 
point upon it) got lost. Poisson set him right [foe. ctt., p. 588]. 
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this sum consists in identifying the area under the jointed line with that 
under the curve.^ If w be decreased, while ho) (and therefore the area under 
the curve) is kept constant,^ it is evident that the jointed line will approach 
more closely to the curve; thus in the limit when w o the two will be identical, 
the Remainders of Eqs. 25^ and 2$h will be zero, and the P-approximations 
will be exact. But it does not follow from this that every decrease in the value 
of 0) which leaves hc») constant must necessarily improve the approximation, 
unless /(nw) be such that the curve has no point of inflexion (i.e. unless the 
jointed line lies always above or always below the curve). For where the 
line lies above the curve, the Series is greater than the Integral and the Re¬ 
mainder is positive, and where the line lies below the curve the Remainder is 
negative, so that if the curve has a point or points of inflexion the Remainder 
is the algebraic sum of positive and negative parts; and although every de¬ 
crease in w must bring the line everywhere nearer to the curve, and must 
therefore diminish the absolute value of every one of these parts, yet the net 
effect on their algebraic sum will obviously depend-on whether the diminution 
of the positive parts or that of the negative parts predominates, i.e. it will 
depend on the form of the function/(nw). See Rules II and Ila, p. 2841. 

Sec. 6:—TJie-.Poisson Forms^ of Series of the 0 -Family. 

(6a) Series of the Qe Group * 

The Poisson Form of [all]Oc given in Table VIII may be obtained from 
Eq. 256 by setting a? = i and/(nco) = ,cos nX, and performing the 

integrations;^ that for [even]Qc by setting w = i and /(no?) = .cos 271 X 

in the same equation; that for [odd]Qc comes from Eq. 25/1. Three different 
ways of writing the Poisson Form of [all]i^c are given in the Table; the last of 
these is that employed throughout this paper. 

To obviate the necessity of reprinting the expressions every time they are 
referred to, the following names and symbols will be employed:—The name 
‘‘Remainder^’ and the symbol (or the special symbols Rern:[all]Oc, 

etc.) for the quantities within {} in the Poisson Forms of [all^ even or odd]Qc; 
the name “P-approximation^' and the symbol F: 0 £: for the other terms of the 
Poisson Fonn; the name *‘Approximation IntegraF^ and the symbol A:Qg 
for the exponential term included in the P-approximation. In view of these 
definitions it is obvious that P:[odd\Qc = A'.[oddlOc, since in [odd] 0 cthe 
P-approximation consists of the exponential term only. The n^th term of the 

1 The same is true of the approximations arrived at by neglecting the sums on the right 
of Eqs. 256, c, e, /. That obtained by neglecting the sum on the right of (25/1) consists in 
identifying the area under the curve with that under the stepped line whose ordinates are: 
/(<o) for o < y < 2,/(3w) ioT 2 <y < 4 ,/( 5 «) for 4 < y < 6 etc. 

* It is obvious tW this condition is fulfilled when = x, which is the case with all 
the series dealt with in this paper; they however are functions of « as well as of nw. 

* This nomenclature possesses the essential quality of brevity, but it is open to the ob- 
ject^pn that the “Poisson Forin^^ and the “Original Form'^ are wholly different series (see 
p. 2797). As the sums of the two series are the same, either “Form’^ can be employed in 
computations whose only object is to find that sum. 

* See. D. Bierens de Haan: “Nouvelles Tables dTnt6grales d6finies,*^ Table 263, Nos. 2 
and 5, (1867). 
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series Rem:QE, disregarding the factor (—i)”"*"' if present/ will be indicated 
by the symbol f2„:6g; it may be split into two other terms each containing a 
single exponential, of these that containing (nir—gx) in its exponent will 


receive the symbol R,ui-Qb$ and the other the symbol R„),:Qe- Thus 

[even]Qc — P:[even]Qc + Rem:[even]Qc = yl:[efen] 0 c — ^ + fim:[ej;en] 0 c 

(27a) 

= A:[even]Qc — i [c»en] 0 c (27b) 

= j 4 :[ei»en] 0 c — i + 'ZRna'-[^ven\Qc + ^Rnb‘-[even]Qc (27c) 

where A\[even\Qc = {s/tt f ^y/T) (28) 

R„„:[et;en]0c = (29) 

R„(,: [et>en] 0 c = (30) 

Similarly [odd] 0 c = P‘.[odd]Qc — Rem:[odd\Qc (31) 

= A:[odd]ec - 2 (-i)"+*.(/e„„:[o<W] 0 G+R„(,:Nd] 0 c) 
where A:[odd] 0 c = A:[ct»cn] 0 c, R„a:[odd] 0 c = R„o:[et;en] 0 c, 
and R,^:[odd]Qc = fl„(,:[et»en] 0 c. (32) 


The expression given in Table VIII for the Poisson Form of [att] 0 c may be obtained by 
replacing X in the expression for [aW 10 c by r-X and multiplying by — i ; the expression for 
[even-aU]Bc and [o<id-aW 10 « may be obtained in a similar manner by making the substitu¬ 
tions of Table Va. But as indicated by the omission of j ), the terms included in these 
Forms will not be grouped into “Remainder** and “P-approximation,** and in the applica¬ 
tions of Parts III-IV no use will be made of them; for as is shewn in the “Summary** of 
p. 2801, no series of the Oe Group need necessarily be represented by an expression of an 
alternating type. 

Choice between the Original Forms and the Poisson Forms of Series oj the 
Qe Group: — Since the exponentials contained in the definitions of 0 ^’ given 
in Tab. Ill (viz. the Original Forms) are powers of e~^ , while those of Tab. 
VIII (the Poisson Forms) are powers of it is obvious that when T is 
small (which makes evaluation of the Original Form by direct summation 
laborious) the Poisson Form will be rapidly convergent, while when T is large 
(which makes the Poisson Form slowly convergent) only a few terms of the 
Original Form need be computed and added in order to obtain a satisfactory 
approximation to the value of the series. Taking [even]Qc as an example, 
when T ^ 0.4 three terms of the Original Form suffice to ensure accuracy 
within a unit in the sixth decimal place, while when T ^ 0.4 not more than 
three exponentials from the Poisson Form (viz. one from A and two from 
Rem) are needed to attain the same degree of accuracy. In practice, by mak¬ 
ing the proper choice between the two Forms, it is possible to evaluate any of 
the series listed in Tab. VIII within one unit in the sixth decimal place with¬ 
out looking up more than three exponentials at the outside; values of [even]Qc 
or of [od!dJ6c are needed in approzmi-ix, of Sec. 9. 

' In the applications only absolute values are involved; see “Safe Boundaries,** p. 2822, 
and “Accuracy of the approximations,'* p. 2840. 
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Table VIII 

Poisson Forms of certain Series of the 0 ^ Group. 

For use in defining replace T by a{t—u) = g%{t—u) and X by gx. 
For use in defining 'F®, replace T by au and X by gx. 

For use in defining Ae, replace Thy at = g^M and X by g{x ±X). 

£ c-"’^.cos nX = I + 2.[aK]ec = |/^ • £ 

-00 r ^ -00 


[oU] 




■(2nr-X')>MT 


2 ' yT V2 ' 


[odd]Oc— 

[aft] 0c = 
[enen-alt] Oc = 
[odd-aft] 0s = 


^^-( 2 nir+X)V 4 r^| 

r)«+1 - (nir - g - (nir+X) V4 7*^ 

V4r ^ g~(mir+X)V4r^ 

^ V*/^~(*»ir-2X)Vi6r 1 -(fnir+aX)Vi6r\ 


4f ± z V 4 r 


2 

Lt/iv 


/ 


Euler-Madaurin approximations to series of the 0 ^ Group :— Approximate 
expressions involving Bernoulli numbers may be obtained from Eq. 2$d by 
setting P=i ,0 = oo,co=i and/(nw) = e''^*^.co 8 NX, introducing the 
numerical values of the Bernoulli coefficients, and neglecting iZ,; the result¬ 
ing expression is extremely clumsy, and as shewn by actual computation^ is 
less accurate than the convenient form given in Table VIII. In general, 
such Euler-Maclaurin approximations are of no practical value in dealing 
with the series of the 0 ^;, and Ae Groups. 

^ The following table ^ives the true value (found by direct summation of the Original 
Form), the P-approximation (Table VIII n^lecting the Remainder) and the Euler-Mac¬ 
laurin approximation (including the ninth denvative) for [aft]ec when X » o and T « 0.25 
0.50 and 1.00. 

T » 0.25 T « 0.50 T « i.oo 

True value 1.2724 53852 0.7533 14*44 0.3863 18603 

P-approx. 1.2724 53851 .7533 * 4*4 *3862 

E-M approx. 1.2724 5384 .7533 148 .3864 
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(6b) Poisson Forms of Series of the 6 f Group 

[Although it has been shewn (see Table IV) that series related to this Group do not occur 
in the Solutions of the problems enumerated in Part I, it may not be amiss to point out that 
Poisson Forms may be obtained for them as for the others. Thus from Eq. 256 by setting 
/(n<i)) .sin nX and co » i, and performing the integrations,^ there results 

[oa]e« - {i/Vf) .[F(x/2Vf) - 2|f(2n«—x/a-v/r) - F{2nir+x/2Vf)}] (35) 

Substituting 2 X for X and 4T for T gives the Poisson Form of [even}Os, whence by means 
of Eqs. 10 and 11 expressions for [odd]Qs and laU]Q 8 may be obtained. Substituting 
t/ 2 X for X in the expression for [odd]0a gives 

lodd^iitjec - r(-i)»+«. {F(mw-2X/4\/f) + F{m,t+2X/AVf) 1 /aVf (36) 

In evaluating series of this Group, where the Remainder is in general much less negligible 
than for the corresponding series of the Qe Group, approximations involving Bernoulli 
numbers might prove useful. Eq. 25^ gives 

[ottie« - (i/Vf). F{X/ 2 y/f) + X/12 -f (6TX - X*)/720 

~(6or»X + 20TX* -f X‘)/30240- .... (37) 

as an approximation to the sum of [aff]0«.] 

Sec. 7: Poisson Fonns of Series of the and Ax Groups 

On p. 2795 the series of the ^-Family were defined to be those obtainable 
from series of the 0 -Family by writing a(f~w) in place of T and gx in place 
of X, multiplying by /(u). dw, and integrating between the limits o and L The 
Poisson form of any series of the 4 >-Family can therefore be obtained by multi¬ 
plying the Poisson Form of the corresponding 0 series by f{u).du and inte¬ 
grating after replacing T and X as before. Hence 

= P:$c d: Remise (38) 

(the sign prefixed to Remise being that prefixed to Rem: 0 c in Table VIII) 
where 

P; 4 »c = J^{P:Oc) .f{u) .du (39) 

Remise = ^^^{RemiOc) .f{u) .du (40) 

The examples of Eqs. 41-47 are important in what follows. 

{even\^c = A:{evenY^c — h J^fM.du + Rem:[even]^c (41) 

It /w -(?’*V4a(<-u) 

where A:[even]^c = J —(42) 

^ The symbol F{^) is used for see p. 2874; numerical values of this func¬ 

tion are given in Table XXVIII. 

Since f e-X’y’.stn XX.dX = i. 6 —X* 2 ’.co« XX.dX — f c“X* 2 ’+»XX,<ix ( 33 ) 

Jo Jo Jo 

where the first integral on the r%ht is known and the second can be reduced to canonical 
orm by completing the square in the exponent, it is easy to shew that 

iltlaUje* - f 7 ->fT.nn\X.d\ {i/Vir).F(.X/2yrr) (34) 
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Rem:[even]ic == I,Rn:[even]^c = XRna-[^'Ven]^c + ^Rnb:[even]^c (43) 

[evm]A>c = •/(«)•««“ (44) 

R^:leven]^c — Similar expression in which (njr—ga:) is replaced by (nir+ffaf). 

( 4 S) 

Similarly [odd]f'c = A:[odd]^c — Rem:[odd]^c (46a) 

= A:[od(i]#c - S(-i)"+'.R„:Nd]«'c . (46b) 

= A: [odd]A>c - S(-1)"+ ’ |R„„; [odd]^c + R„b: Md]^c} 

(46c) 

where A\[odd]^c = A\[even\^c, R„„:[odd]^c = i?„o:Nen]f>c, 

R^:[odd]^c = R„i,:[even]^c. (47) 

Similarly, from the definition of series of the A-Family given on p. 2795 
Ac = P:Ac ± Rem:Ac = f‘iP:Qc).F{\) .dk ±£‘(Rem:ec) .F(\) .d\ (48) 


The above relations serve to deduce 'from the expressions for Y given in 
Table IV, the. “Poisson Forms” of the Solutions of Tables I and II given in 
Table IX. These can be converted into Solutions fot infinite I by deleting 
the Remainders and writing <» where I occurs as the upper limit of the 
integration. 


No. 

1.1 

1.2 

1.3 

1.4 

11.1 

11.2 
11,2a 
11,3 


Tablk IX 

The Poisson Forms of the Solutions of Tables I and II 

z = 

^ 2k d 

W J. ■ T ■ S <''™' 


2\/ Trfc 


-fii: 


ditto 

t ^-x^/Akil — u) 


+ y • ^ {Rem: fodd]«f>c) 


— .f{u).du + — • Rem: [odd]^c 

lif V 


ditto 


2k d 

T 

2k 

T 

2k 


i 


Rem: [even]^c 




2 \/ irkt 


ditto - {D-E)/l 

+ e-<*+^>'^'‘*'}.F(X).dX - {D+E)/l 
+ {B+C)/l 


ditto 


where B —Rem: [eren]Ac, X—gx—gk; 
D = Rem:[odd ]Ac, X=gx—gk', 


C=Rem:[even]Ac, X’^gx+gk 
E=Rem:[odd]Ac, X—gx-\-gk 
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The Poisson Forms of Table I Nos. la, 2a, 3a and 4a may be obtained 
from those of Table I Nos. i, 2, 3 and 4 respectively by replacing x in the 
latter by (Z—x); this includes replacing d/dx by d/d{l—x) = — d/dx, 

PARTHI 

THE EVALUATION OF SERIES OF THE GROUP AND RELATED 
SERIES, INCLUDING THOSE OF TABLE I 

In Part II, Sec. 7 it has been shewn how any series contained in the 
Solutions of Table I (or more generally any series of the Group) can be 
replaced by another infinite series which we call the Poisson Form of the 
series in question; so that in evaluating the series, either the Original Form 
or the Poisson Form may be chosen as may prove convenient. In practice 
this choice is nearly always reduced to one between the Original Form and 
the P-approximation, and is determined by the necessity of avoiding difficul¬ 
ties of summation or of integration, which in turn depend on the value of at 
and of gx and on the form of f{u ); the present Part is devoted to a discussion 
of these matters in detail. 

If the value of at is small, the Original Form is inconvenient because of 
the slow convergence of the Evanescent Series (see p. 2803), the infinite 
series in the Poisson Form on the other hand is rapidly convergent and if the 
integrals involved have been tabulated this Form is immediately available 
(approx,i); in general, however, these integrals have not been tabulated; 
approxAif in, iv and ix are in effect methods for evaluating them. If on the 
other hand the value of at is large, the slow convergence of the Poisson Form 
and the consequent inaccuracy of the P-approximation is in itself a sufficient 
reason for avoiding it; the Evanescent Series V:^e on the other hand is 
rapidly convergent, and if the integral involved in V:^e (the Original In¬ 
tegral, p. 2804) has been tabulated, and a finite expression for the Stationary 
Series S:^e is known, the employment of the Original Form is indicated 
{approx, v). In certain cases there is no finite expression for the sum of 
S: ^Ey and for a few forms of /(u) the integral involved in F: is untabulated; 
approxjn-ix shew how these cases may be handled. 

In Sec. 8 the influence of the numerical values of at and gx on the mag¬ 
nitude of Rem:^E is discussed; this leads to a convenient method for finding 
the values of at and gx with which the P-approx, can be used without intro¬ 
ducing errors greater than a quantity fixed in advance by the computer. 
In this Section also, relations are established which permit the evaluation of 
in many cases where the integrals contained in it have not been tabu¬ 
lated. In Table X the series are classified according to the form of /(w); 
and this table lists for each Class the approximations most suitable for given 
values of at and gx. In Sec. 9 the various approximations to ^e and to 
d/d(gx).^E are considered in detail and illustrated by numerical examples^; 

^ These are intended to illustrate the accuracy of the mathematical methods, and are 
taken to a larger number of significant figures than is ordinarily necessary in laboratory 
computations. In many cases alternative methods of computation are used; these shew 
the great saving of labour that may be effected by following the methods recommended. 
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the evaluation of is dealt with in Sec. 10; Rules for finding upper limits 
to the Remainders neglected in these approximations are given in Sec. ii. 


Table X 

Classification of Series of the Group according to the form of /(u); with 
the approximations recommended for each Class 
Class Definition Approximation recommended for values of Vo? and gx 



A 

A, 

V 


above BE below BE 

when flfx 4= 0 

above B below B 
when gx ^ 0 

A 

+ 

+ 

+ 

+ 

V 

i 

V 

i 

B 

, 

+ 

+ 

+ 

V 

OB 3 ,ii ;0 JH,m ;OHE,it; 

V 

i 

C 

. 


+ 

+ 

V 

OB J,zV;OJE,m 

V 

ii 

D 

. 

+ 

+ 

. 

vii 

ix 

vi 

i 

E 

. 

. 

+ 

. 

vii 

ix 

vii 

ix 

F 

. 

+ 


. 

ix 

ix 

via 

i 

G 

. 

. 

. 

. 

ix 

ix 

ix 

ix 


Examples 


A. 

M*’. 

E. 

e 

B. 


F. 

I\/(6*+w) (c“+m). 

C. 

e^^.isin or cos) b^u+a. 

G. 

i/(6Hu^). 

D. 

(6^+u)-*’; F{yr^). 




Definitions of the Classes: —The Class to which a given series belongs depends upon the 
form of /(u), and is based upon the existence or nonexistence of numerical tables from which 
the Approximation Integral (p. 2811) the Approximation Integral when gx * o or the 
Original Integral (p. 2804) can readily be computed, and upon the existence or nonexistence 
of a finite expression for the sum of the Stationary Series (p. 2803). The existence of such 
tables or of such an expression is indicated by a plus sign in the column headed A F or 
respectively; their nonexistence by a dot. The approximation integrals for a number of 
forms of/(w) are tabulated in Table XI, Original Integrals in Tables XII and XIII, finite 
expressions for ^ in Table XII. 

The approximations are designated by the numbers i~ix (see Sec. 9). Table XVI shews 
that for each Class (except the last) more than one approximation is available; those given 
in Table X are recommended because they involve the least labour. 

The range of values of Vat and gx for which an approximation is recommended is indi¬ 
cated by the position of the point representing the series in Fig. II (in which the ordinate 
of E is to be chosen with regar^to the accuracy desired, see Table XIV). Thus “OBJ, iT' 
means that if the values of Vat and gx are those represented by any point within the tri¬ 
angle OBJ of Fig. II, approx, ii is recommended for series of Class B and Class C when gx 
is not zero. 

The Examples include all those dealt with in Tables XI, XII and XIII, and are all that 
are met with in the literature (see foot-note p. 2789); the letter p denotes a positive integer 
or zero, ¥ and K are real positive quantities. The Class to which any form of f(u) is 
assigned may obviously be altered by the publication of new tables; the appearance of 
numerical tables of H and K (see Appen dix), for instance, would transfer uv.e-tfiu from 
Class B to Class A, and e^^.sin or cos from Class C to Class B. 

Approximations to (see p. 2834) may also be chosen from this table; for this purpose 
i’ 4 x must be replaced by fa-ira, and when approx, iv is recommended in the table, approx, 
tiia must be employed. 
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Table XI 

P-approximation to $c; Nos. 1-3 valid when o ^ gx ^ t/2, 
Nos. 4-14 valid when gx — o 


No. 

/(u) P:[oddl*c = 

A:[oddl*c « A:[even]*c = P:[even]*c + 

I. 

I 

(gx/Say/v) .G(4ir*ai/gV) 

2} 

u 

(t + g*xV6o).B - 


u* 

(2< + gV/ioa).C — (jP + g^xH/ioa).B 

4 ‘ 

gWu 

(T/^bVaU’^.PibVi) 

5 * 


(T/ 8 bVa).( 2 bH - i). PibVi) + VTtIWa 

6. 

e-y>u 

(\^ir/ 2 b\/a). F(b\/i) 

7 - 

bhi.e-^" 

{■\/ir/^by/a).{2bH + i).F{y/Wt) — y/irtl\y/a 

8. 

sin b^u+a 

{jlhy/ZQ)\sin W+a.C(\/ 26 ^f/ 7 r) 

“ cos 6^f+«*S(V2h^f/7r)} 

9 - 

cos 6*<+a 

{jlby/%(i), {cos 62<+a.C(\/26V^) 

+ sin W+a.S(\/2W/7r)} 

10. 

1/(6* + u) 

(VirAVa&^+aO- {log {\/¥+t + Vi) 

- log(V6H<- vol 

II. 

i/Vb^+u 

{y/‘ir/2y/a).sin~^ y/t/{b^+i) 

12. 

ilVb^-u 

iVWWa).{log (b + Vt) - log Vbi^-t} 

13 - 

F^y/b^u) 

( 7 r'^V 86 V^).(i - e"^') 

14. 

l/VQt^+u) (c*+m) 

(v^ tt/ 2\/a6^-j-af).F(sz/i ^\/(c^-j-^)/ 


sin 


Gix) = £(e-^''yVy).dy;P(x) = {2/VT).£e-''\dy,F(x) = e-^’.fVdy, 
S(x) = I sin^Ty^.dy,C(x)= f cos ^Try^.dy;Fia,<p) = \dyl V i—sin^a.siri^y. 

Jo Jo Jo 

For numerical values of the integrals involved in this Table, see:— 

G(x):~-Table XXVII, p. 2877. 

Table XXVIII, p. 2878. 

P(a;):—J. Burgess: Trans. Edin. Roy. Soc., 39 , 257 (1899). 

S(a;) and C(x): —Gilbert: M6m. cour. Acad. Bruxelles, 31 (1863); Ignatowsky: Ann. 
Physik (4) 23 , 894 (1907); Brit. Ass. Report, 1926 , p. 273; Jahnke und Emde: ‘Tunktion 
entafeln,'^ p. 23, (1923). See also Table XXIII and XXIV, pp. 2872 and 2873. 

F(a, <p): —Legendre: ‘‘Exercices de calcul int^gral,^' t. Ill, (i8i6); also Jahnke und 
Emde: loc. cit. p. 54. 

> For brevity in Nos. 2 and 3 of this Table, B is written for P: [odd] 4 >c when/(M) = i, 
i.e. for (gx/Ba^w). G(4ir*of/aV), and C for P: [odd]^ when /(u) = u, i.e. for the ex¬ 
pression entered in the second line of this Table in the last column. 
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Table XII (see p. 2818) 


No. 

fiu) 

S:^c 

I. 

I 

(XII 6 ,r) 

2. 

u 

<.(XIIft,i) - (XIIb, 2 ) 

3 - 


< 2 .(XIT 6 ,i) - 2 <.(XII^ 2 ) + 2 (XII 6 , 3 ). 

4. 


e''’'.(XIIa,i) 

5 - 


e'’\{bH.iXUa,i) - (XIIa,7)} 

6 . 


e-''^(XIIo,2) 

7 - 


e-''^{?)2<.(XIIa,2) - (XIIa, 8)1 

8 . 

sin })hi-\-a 

Sin hH+a.{Xllaj:^) — cos bH + a:.(XIItt,4) 

9 - 

cos i)hi-\-a 

cos bH+a.(Xlla,:^) + sin bH + a.(XIIa,4) 

10. 

bhi+a 

|sm 6''‘/+a.(XIIo,s) — cos 6“<+a.(XIIa,6)} 

II. 

e^^xos b’^U’^rot 

{cos W+a.(XIIa,5) + sin i)“<+a.(XIIa,6)} 


Table XIIa 


The Sums of certain series which occur in #S:<i>c and the P-approximations to 

their Sums 

Series = '^F{N).cos Ngx 


I. 

2 . 

3- 

4- 

No. F{^) 

N Finite expression for 



5 F(o)+ 2 F( 2 n).cos 2 ngx 

P-approximation to 


and for 

expression of 


wF( 2 ?i~ i).cos 271—igx 

Col. 3 

I 

^ N^a+b^ 

2n M.CJSi 

2 n-i M.Si/Ci 

M.e-' 

}} 

I 

* N^a-l^ 

2n —Mxi/s2 

271—1 M.S\/C2 


N^a 

M 

fs3<S3(S4C4 + C4^4) — 

Mx''^^^xos(- + 

\4 V 2 . 

^ N*a^+¥ 

2n 

V2 


C3C,(84C4-C4S4)}/(C:-C 

0 


M ^ 

2 n—i —-=< 
V 2 ' 

l^ssC 3(040 4 + 5454 ) + 

If 


C,S,(C4C4-«4S4)}/(C;-S:) 
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I. 


Table Xlla (Continued) 
3- 




2 71 


271 "- 1 


—^ 4 *^ 4 )+ M.e 


V 




^2 + 6*^ 


r 3 r; 3 (.S 4 C 4 +cA)}/(C:~c:) 

M ( 

V2 "" 


2 71 Q\ C^\C^ {a.S hCq — / 3 . C 8«^q) + 


?;2 


^2+6’ 


271 — ] 


271 


271—1 


.SVv(a.C8S9+i8.^S8C«)}/(C:-c:) footnote 1) 

Ql(V 7 (| 8 .C 8 C 9 +a..S 8 S„) + 

.SV,(a.C8C9-;8..S!8S9)}/(C:-s:) 

Q1 C 6 r 7 (Q'.fV 9 + ^. 58 C 9 )+ /Q r 4 4 \ 

.‘^«s,(/3.C8.s9-a..SV9)}/(C:-c:) footnote 2) 

()l.SV7(;8.C8C9+a.S8S9)- 

t>-(a.C9C9-i8..S8S9)}/(r:-.s:) 




{N^a+b'^y 


¥ 

{N^-a-H^y 


Tr> 2/i 


M T / 

2 ^2 I ^ ^ 2\/R 


Cl Sn) 

-;} 
-:} 


M 


e ^ (i + r) 


il/ I ( , T 

-■<ci-r.si+— 

2 8S2 ( 2 V« S: 


M J ( , Trb Ct 

— 1 -<,s'i+r.Ci— ,— 

2 c's ( 2Vfl C 2 


In this table only, the letters have the following meanings:— 
s = ,vn; c = cos; <S = C = cosh; M = ir/46-v/fl; Q = ir/4v'a(A'-+6*) 
a* = (/v + \/K~+b*)/2; 0 = b-j2a; r = bgxjy/a; = N^o+A 

Writing / for s, nS, c or C, the subscripts have the following significance:— 


/i = f{b.v — 2 gxl\/ 4 «') 
/a = fib.ir — 2gx/V8a) 
fi = fib gx/Va) ^ 
fl = /(/S.TT— 2 ^/V 4 «) 
/» = SiSi-x/y/^a) 


ft = fibir/ V4a) 

/a = /{i»7r/ VSn) 

/e = /(a.jr- 2 SiX/V 4 “) 
/s = /(Q!’r/V' 4 «) 


‘ Q.c -«w*/v^. { a.cos 0 gx/y/a — ^.sin 0 gx/y/a } 

* Q.e+“<'*''v'o. {a.sfn ^x/Va + fi cos figxfVa } 
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Table XIIb 

The Sums of certain series which occur in S:f>c. 
Series = 2 F(N).cos Ngx 


No. FiN) 

XF(2n) . cos 2 ngx 

ZF{ 2 n 

— l) . cos 271 — igx 

I I 


TT- 


Wa 

24a 4« 4a 

8a 

4a 

2 T 

TT-g-x' ^ irgV g^x"^ 

tt'* 

7r"’p\r- ^ irg^x^ 

ivv 

1440^)!“ 480- 24(1^ 480“ 

96a- 

16a- ' 24a- 

3 T 

TT^g-X- + K-g^X^ 

7r« 

TT^g-x- TT-t/V 


60480^^ 28800^ 5760® 

6()oa 

^ ig2a^ 192a® 


irg'^x^ g^x^ 


7rp‘’x’» 


480^^ I440«*^ 


480a® 


Table XIII 

The Original Integral (for use with approx, vi and vii). 


No. 

f(u) 

The Original Integral ~ J'-c ~ ^ M). du 

I. 

i/{b-+i() 

J 

V 

— 00 if 

2. 

i/viy^+u 

(2/A'\/a).c”'^*“^^““\F(\/iV“a 6 +X"'aa) 

/• 00 

3 - 


( 2 /AVa).e^''“‘'’'~'’. / e-<^.du 



^ y/ N*a{b'‘ — u) 

4. 

\/b~ — n 

f 00 

-N”‘a{t-n) N^a{fr--{) j 

“■ N--a + NV-- r 

5 - 

F(V(M 

K‘aU-u) ( b ) 

AVa' 

6 . 


~-.e-^^<‘-’‘\Fima+ 2 l>‘u/ 2 b) 

Note: 

Fix) 

H 

1 

11 




Examples illustrating the use of Tables XII, Xlla and XIIb. 

These examples are necessary because of the compact form in which the information 
given in these Tables is presented; tables from which the results could be read directly, 
would take up too much space. 

Example (a): To find a finite expression for the Stationary Series arising from [evert]<tc 
when/(M) = Look up/(tt) = in Table XII; line 4 reads aS’ « e^^ {Xlla, i) 
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which means S = e^^^.XF(N).co8 Ngx with the value of F{N) given in No. i of Table 
XIIo. Hence F(iV) = i/{N^a -h h^) and therefore F(o) = i/b*; so that S\[evm]^c = 
e^*^Sco« Ngx/{N^a-{-¥)y in which N is to be replaced by 2n since the series is of the 
[even] type. From Col. 3 of Table Xlla No. i it appears that, when N = 2n, Scos Ngx/ 
(N^a+¥) — M.Cx/S2 — i/2¥; replacing M, Ci and by the expressions for which they 
are abbreviations (given at the foot of Table XIla) the final result is 

S: [even] 4 »c = Xcos 2 ngxl (471^® (A) 


hn i ^ C Qgfe h(ir — 2 gx)f v/4a T ) 

1 ^ 4 ?) \/a Hinkhv/y/^a 2b^^ 


(B) 


Example (b): To find the P-approx. to the Stationary Series arising from [evm]4>c 
when /(w) == Follow the procedure of Ex. (a) but use Col. 4 of Table Xlla No. i 
instead of Col. 3. This gives 



Example (c): To find the Evanescent Series arising from [et;enl<I>c when f(u) — 

The general rule is: In the expression for the Stationary Series (such as that given on the 
right of Eq. A, Ex. a) replace t by zero wherever it occurs, and insert the factor 
immediately after the 2 sign. In the case chosen as example, this gives 


V\[ev€n\^c = 2ngx)/{^nH-]rb'^) 

Example (d)] To find the finite expression for the Stationary Series arising from [o(id]^c 
when/(u) = i. Table XII line 1 reads aS = (XII6, 1); No. i of Table XI 16 gives F( A^) == 
1/ N'^a; as the series is of the [odd] type, N = 2n — i and the last column of XII6 must be 
used. Therefore aS’ = i:cos2n~^.gx/(2n^^M) - v^/Sa — Trgx/^a. 


Example (e): To find expressions for aS’, V and P:S when the type of summation is 
neither [even] nor [odd] (see Table V, p. 2799). From the corresponding expressions for 
scries of the [even] type those for series of the [all] type may be obtained by replacing a by 
a/4 and gx by gx/2 ; those for series of the [alt ] type by replacing a by 0/4 and gxby t— gxl2 ; 
those for scries of the [even-alt] type by replacing gx by 7r/2 —gx. From the expressions for 
(oddl<I>c those for \odd-alt\^s may be obtained by replacing gx by ir/2—jyx. Thus (from 
Eq. B of Ex. a) whcn/(u) = 


S:[all]^c = 


] 2 b\/a 


cosh b(Tr — gx)/\'a 
sink bir! a 


) 


I 


Sec. 8:—Relations between Series^ of the Group 
which differ only in the values of at and gx 

Representation of a series by a point '.—Any series of the ^e group is fully 
defined by its symbol (if the form of f{u) and any constants contained in it 
be given) together with the numerical values of gXy a and or of gXy y/at and t. 
The value of gx and that of \/at may be given by the position of a point on a 
diagram such as Fig. 2, and in what follows the series will be spoken of as 
being represented by the point; this implies however that the symbol, the 
form of /(u) with its constants, and the value of t (the same for every point on 
the diagram) are otherwise specified, for instance as a rubric to the figure. 


^ Only series of the [even] and [odd] types are considered; see ^'Summary," p 2801. 
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Fig. 2 

In Fig. 2, 0.227 has been chosen as the ordinate of E; this gives “safe Boundaries" for \evm 
or odd]^c and for [even or odd]^c if quantities less than may be neglected, and for 

[even or odd]^'c if quantities less than 8Xio”®.M< may be neglected. The Scales of “Num¬ 
ber of terms of F" are safe if quantities less than io“®./ may be neglected and if f{u) has 
one of the forms enumerated on page 2822. 

Properties of the Diagram^ 

(а) If an;^ line (such as OE, Ov, OF) be drawn upward and to the 

right from the point [^yat = o, gx — o] of Fig. 2, the product^ will 

have the same value for all series represented by points on that line. Approx, 
iij p. 2826, is based on this relation. (Proof:—This follows at once from Eqs. 
42 and 47, since g^x^ja has the same value for all points on any line passing 
through the origin). 

(б) If any line (such as EB, vw, FC) be drawn upward and to the left 

from the point Q of Fig. 2, the product \/« (^iia*^c) will have the same 
value for all series represented by points on that line. (Proof:—This follows 
at once from Eqs. 44 and 47, since (ir—gxy^fa has the same value for all 
points on any line passing through gx-ir]. 

(c) Similarly, y/a.(Rih-^c) will have the same value for all points on 

any line (such as BG) which passes through R; on any line 

(such as GC) passing through S, etc. The positions of R and S are merely 
indicated in Fig. 2; their ordinates are \/at-o; and their abscissas are 
— TT and + 27 r respectively. 

(d) If the line from 0 and the line from Q intersect on the ordinate passing 
through P, as at the points E, v and F of Fig. 2, the value of Vet. (A: ^c) charac- 

1 Fig. 2 can be used as it stands for series of the Group (see p. 2856) as well as for 
series of the ^e Group. If used for ^'e (see p. 2834), Mi must be replaced by 8 X io~®. 

Mi (see p. 2835) but lo"’®.^^ remains unaltered. 

*The quantities ^a.(A:^c)t \/a.(Ria:^c) etc., are those which arise in evaluating 
Solutions 3 and 4 of Table L 
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teristic of the first line will be identical with the value of Vu • (^10 • character¬ 
istic of the second. (Proof:—This follows at once from Eqs. 42, 44 and 47, 
since when gx = Trf2f A-Rja)- ApproxAUj p. 2827, is based on this relation. 

Similarly, if a line through Q cuts a line through R on the ordinate gx = Oj 
the value of characteristic of the first line will be the same as 

the value of y/a-iRib-^c) characteristic of the second (see Eqs. 44, 45 and 
47^; and so on. Thus \/a.A on OE = Va.R.a on EB = Va.R.b on BG = 
^/a.Ria on GC, etc. 

Bottndaries 

It is now convenient to discuss the properties of the set of lines OE, 
EB, BG . . (Fig. 2) which result when the ordinate of E is so chosen that the 
absolute value of R^a for the series represented by that point is just negli¬ 
gible in view of the accuracy desired. 

In the first place, it is obvious that R^a must be negligible at all points 
on the line EB; since as has been shewn above, y/a.R^a is constant for all 
points on that line and y/a increases from E to B. In the second place, if at 
be not too large,^ and if f(u) be one of those which retain their signs (which 
without loss of generality may be assumed to be positive) while u increases 
from o to tf then R^a will decrease if a be decreased while t and gx remain 
unaltered; so that if ft, a is negligible along the line EB, it must be negligible at 
all points below it. Hence for functions of this kind, the line EB may be 
spoken of as the ^‘Boundary^ for Ria*^^ Similarly, BG is the Boundary for 
Rjbf GC for R 2 ai etc.; but as OE runs downward (i.e. to smaller values of 
\/a) from E, this line does not constitute a Boundary for A 

For all practical purposes, moreover, whenever the line EB is the Boundary 
for 72 ,a, it may also be taken as the Boundary for Remise; for the sum 
( 72 ia+ 72 i 6 ) at B is just equal to R^a at E, while at every point on EB, /22a, 
722 ?,, etc., vanish in comparison with Ria- From this it follows that approxA, 
which assumes that P:$c is practically equal to may be employed only 
when the point representing the series lies on or below EB. 

When the ordinate of E is fixed, the Boundaries can be drawn with ease;® 
this ordinate gives the value of y/at for which R^a-^c is just negligible when 
gx = 7r/2. Table XIV gives the ordinates of E for [even or odd] when 
/(w) = i and quantities ranging in magnitude from to are the 

largest considered negligible.^ The only form of f{u) other than f{u) = i for 

^ For d{Ria: [even or odd] ^c)/da to be positive when /(u) is positive, it is sufficient 
(see Eqs. 44 and 47) that {T-gxY> 2(af-au), i.e. at < irV8. Similarly, d{Rih)/da will be 
positive if (ir + gxY > 2(af-au), i.e. aJt < ir^/2. In ot her w ords, the qualification in the 
text is equivalent to “if the ordinate of E is less than \/ir*/8, i.e. is less than i.i i.'' 

* It would be an exact Boundary for Va./ 2 ia, which is the quantity that arises in evaluat¬ 
ing Solutions 3 and 4 of Table I, if the ordinate of E were chosen so that y/ 7 i.Ria at gx — ir/2 
was just negligible. The exact Boundary for / 2 ia itself coincides with EB at E and els^ 
where lies slightly above it; thus, strictly speaking, EB is a safe Boundary for Ria. but this 
adjective is kept for Boundaries that are safer still. 

* FVom their definitions, the ordinate of B is twice that of E, the ordinate of G is three 
times that of E, etc; so that OE and BG are parallel, and so are EB, GC, etc. 

^ When /(u) “ i, and gx « t/2 , ( 72 ia: [even or odd]^)/i ** (\/5F/i6af).G(i6af); see 
Table XXVI No. 2. The values of log £ 72 ia /0 for the values of at given in Table XXVII 
were computed and plotted against \/at\ whence the ordinates of E given in Table XIV 
were found by interpolation. ^ 
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which the integrals needed in the construction of such a table have been tabu¬ 
lated is f{u) = but in the paragraph on ^'Safe Boundaries'^ it is shewn 
how the ordinates of Table XIV may be made generally useful. 

Table XIV' 

Ordinates of E for [even or odd]^c when/(w) == i. 

10“’® 10“® 10“® 10“^ 10"® IO“® TO”^ lO"*"* 

's/at 0.179 0.185 0.194 0.208 0.227 0.252 0.288 0.342 

Fig. 2 is constructed on the assumption that when/(?/) == i, the quantity io“« iis just 
neglij^ible; if ten-thousand-fold greater accuracy had been required, the point E would 
have been lowered only 20%; if however quantities as great as io"\< can be neglected, the 
point may be raised 50*^^. 

“>Sa/c" Boundaries :—By Rule I, p. 2840, |/?io:$c| <M.{ 7 ?ia:^c(i)l where 
M is the maximum absolute value attained hyf(u) in the interval o<u<t, and 
^c(i) is a series identical in all respects with the given series except that the 
f{u) of the given series is replaced by unity. Because of this relation, if the 
values of given in Table XIV be multiplied by M, the products will con¬ 
stitute upper limits to the quantities neglected by the assumption of various 
ordinates (viz. \/at) for E, no matter what f{u) may be, and in particular 
whether it changes sign in the interval o <u or does not. Put in another 
way, the assumption that lor^Mt is the greatest quantity that may be 
neglected justifies the choice of 0.227 the ordinate of E in Fig. 2 ; if f{u) = 
constant^ the Boundaries fixed by this choice are the highest possible, wliile 
if /(u) has any other form the Boundaries are ^^safe," i.e. they are lower than 
is absolutely necessary. 

Number of terms of V:<l>c 

Before deciding to adopt any particular method of approximation for 
evaluating a given series, it is important to have some idea of the number 
of terms of any Evanescent Series involved in it that would have to be com¬ 
puted. The following paragraphs shew how ^^safe^" Scales of the number 
of terms of V may be constructed. The Scales of Table XV (one of which 
has been plotted in Fig. 2) are safe for F: 4 >c, (p. 2835) and 

(p. 2804), subject to certain restrictions as to the form of f{u) explained 
below; and may also be used with Ac, see p. 2845. 

The Scales of Fig. 2 :—When /(u) is i, b/Vb^-u or bJ'^\ the 

absolute value of any term of the Evanescent Series V: 4 >c is less® than that of 

^ This Table also holds for [even or odd] '^c (see p. 2856) when f{u) == i. For ^'c see 
Table XVII. 

2 Scales which give an upper limit to the number of terms needed. 

® The general term of any Evanescent Series V : 4 >c can be expressed in the form • 

cos Ngx . func{ N)y see Eq. 19: the forms of func( N) corresponding to the forms of f{u) given 
above can be found from Tables XII and XIII. If l/wnc( A) 1 < i for any particular value of 
Nf it is obvious that the absolute value of the term of V:ic which involves this N must 
be less than the corresponding term of For the first five forms of fiu) given 

above |/uwc(A)|< i for all values of N; for the next two, \func(N)\< i except possibly 
when n » I. 
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Table XV^: Number of terms of V 


Type 

Accuracy 

No. of terms = I 

2 

3 

4 

5 

6 

[odd] 


■\/at = 1.250 

0 - 77 S 

0565 

0.446 

0.369 

0-315 

[even] 


= 0.955 

•653 

.498 

.404 

•340 

.294 

[odd] 


■\/at = 0.928 

•589 

•435 

.346 

. 289 

. 248 

[even] 

n 

Vat = 0.719 

.500 

■38s 

•315 

. 267 

.232 



No. of terms = 8 

12 

16 

32 



[odd] 

10-6.^ 

Vat = 0.245 

0.170 

0.131 

0.069 



[even] 


Vat = 0.232 

. 164 

. 127 

.068 




the corresponding term of the series when /(u) is either 

b^/(b^+u) or h/\/b-+n the same is true of all terms except the first. Fig. 2 
shews the lowest value of at for which i, 2, 3 etc. terms of give 

the sum of that series with an error not exceeding and thus provides 

“safe’’ Scales for predicting in advance the number of terms of V\^c that 
must be computed in order to evaluate these Evanescent Series with an error 
not greater than when/(w) has one of the first five forms listed above; 
when f{u) has cither of the other two forms, the value of \/at for which a 
single term is said to be sufficient may be too low, the others are safe. 

These same Scales are safe for use with either member of the pair of series 
into which is divided (see Table XII Nos. 8-ii) when/(«^) is either 
{mi or cos) or {sin or cos) 6-'u+a. 

If used when/(?/) is bH.e~^^^ or F{y/h‘^u)y there are values of ¥f(i 
for which one more term may be needed than the number given in the Scale; 
for with these forms of /(u) the terms of the Evanescent Series consist of 
fractions with the denominator (FVa), and if b/y/a is almost an integer, 
there will be one term (but only one) whose absolute value may exceed that 
of the corresponding term in the series on which these Scales are based. 

The forms enumerated above include all those of Tables XII and XIII 
except J{u) = u and f{u) = n-. With these two, the Scales are safe only if the 
value of t is not too great; if ^ ^ 140, they are safe when the number of terms 
predicted is not less than four. 

It is obvious that if f{u) be given as the product of one of the forms 
enumerated above into a constant C, the quantity neglected (when the 
number of terms computed is that called for by the Scales) will be less than 
As the approximations of Sec. 9 obviate the necessity of computing 
V : when the series ^c is represented by a point below BE, it is never 

necessary to compute more than 9 terms of any Evanescent Series to arrive 
at the value of with an absolute error not exceeding io~^.Mt or Ct as 
the case may be; always provided that/(w) is one of the forms listed above 

^ For practical purposes it is sufficient to compute n for a number of values of at from 
e-n*atfat « io“®/2, and obtain the values of at corresponding to integral values of n by 
graphical interpolation of these results. If for any reason more accurate values should be 
needed, the correction (C) to this approximate value (. 4 ) of at may be secured from 
e-n«(A+C) B io“« {A+C )/2 by taking logarithms and \vTiting log (i+C/A) = C/A. 
The n of these equations is the value of n in the first negligible term of the next 

lower integer gives the number of terms of that series that must be retained. 
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(or C times it), and subject to the restrictions imposed above in certain cases 
on the values of b/\/a and of t. 

[Series of the Group:—A q the Scales of “Number of terms of V** are based on the 
series (Se(see p. 2823) they are as valid for as for and as the theorem estab¬ 
lished for in (b), p. 2820, holds equally for ^f (see Eq. 35), the Boundaries of Fig. 2 may 
be used unaltered. To bring the value of Hia:[even]^s below that entered in the first line 
of Table XIV, however, the ordinate of E must be very much less than that given in the 
second line of that Table (a formula for computing the proper value is given by Eq. 133, 
p. 2874); hut as the other terms of Remits are not negligible in comparison with the first, 
E must be put still lower to ensure the accuracy desired. In Fig. 2 the ordinate of E, viz. 
y/at = 0.227 f^i" [^en]<t>Cy ensures an accuracy of if this same ordinate be used for 

[even]4>Sf the error may reach o.oyMty while to ensure an accuracy of io‘’®.M<, E must lie 
below Vo/ = 0.9XIo"^ i.e. a couple of thousand terms of V:[even]^s might have to be 
computed. This slow convergence makes the Poisson Form of ^f almost useless for 
purposes of computation.] 

Sec. 9 : Approximations to Series of the Groups 
and to their derivatives with respect to gx. 

If the expression for the series to be summed is neither [even] nor [odd], 
it must be rewritten as shewn in the “Summary^^ of p. 2801; in all that follows 
it will be assumed that this replacement has been effected. The ^'Classes^’ are 
defined in Table X, p. 2814. Recommendations as to the choice of an ap¬ 
proximation are made in that table. The Rules for estimating errors are 
those of Sec. 11, p. 2840. The sign-^ means ^‘is approximately equal to.’^ 

Table XVI 


Synopsis of the Approximations of Sec. 9. 


Approximation 

Requisites 
A A^ V 

.S’ 

Values of \/at and gx 

Auxiliary Series 

i 

. . + 

+ 

below BE 

— 

ii 

. . + 

+ 

below BE 

on BE 

Hi 

. . + 

+ 

in 0 JE 

on EG 

tv 

. + + 

+ 

in OHE 

on BC 

V 

. . + 

+ 

above BE 

— 

vi 

. + + 


above B 

at B 

vii 

. . + 


above BE 

on BE 

viii 

. + . 


above B 

at B 

ix 



all values 

— 


Requisites —If numerical values of the Apwoximation Integral, of the Approximation 
Integral when gx = o, or of the terms of the Evanescent Series are made use of in the ap¬ 
proximation, a plus sign is entered in the column headed A Aq or V respectively; if the 
existence of a finite expression for the Stationary Series is presumed, a plus sign is entered 
under S. In each case a dot signifies that the quantity or expression in question is not 
needed. 

The range of and gx for which each approximation is designed is indicated by refer¬ 
ence to the points lines and triangles of Fig. 2 (or of a similar figure in which the ordinate 
of E corresponds to the accuracy desired, see Table XIV). 

The Auxiliary Series are defined under each approximation. 

^ This Group is defined on p. 2800; a typical member viz. [aMj^c is written out in Table 
III No. 8; if in this expression n is replaced by 2n the prefix [even] is used, if by w * 2n — i, 
the prefix [odd], etc., as with series of the ©-Family (see Table III). Where no uncertainty 
can result, S:^c and V:^ are abbreviated to <8 and V respectively. 
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ApproxAj viz. the P-approximation; and the Poisson Form. 

This approximation, viz. ► P: 4 >c, consists in neglecting Remise; it 
should be used wherever possible^ if the position of the point representing the 
series in Fig. 2,2 or the rules of Sec. ii, shew that its accuracy is sufficient 
(Ex. I and 2). If its accuracy is insufficient, and if the integrals involved in 
Remise have been tabulated (Class A, see Table X) the Poisson Form may be 
used whenever the labour involved is less than that of computation by the 
Original Form (Ex. 3) 

Example 1: —To evaluate [even]^c when /(w) = i, t = o.i, a = o. 25 f gx = w/s- By 
Rule IV, p. 2843, the difference between the P-approx.md the true value is less than 4 X io”28^ 
so that the question of accuracy does not arise. From Table XI No. i, the P-approx. is 
(gx/Sa\/Tr) . 0{\Te^at/gH^)—t/2) Table XXVII gives G to eleven decimal places; hence 
the value of the series is —0.04896 57913 exact to the last figure. To attain the same ac¬ 
curacy by means of the Original Form (Approx, v), the finite expression for the Stationary 
Series must be looked up (Table XII, No. i) and its value computed, besides which 13 terms 
of the Evanescent Series must be computed and summed; the result is iS — V = 0.06579 
73627 — 0.11476 21540 = —0.04896 57913. The saving of labour by the use of approx, i 
is obvious. 

Example 2: —To evaluate [odd]^c when f(u) = sin h^u+at f “ 0.09, o = 4, = o, 6* = 50T, 
a = ir/6. By Rule I (see Eq. 72), the error of approx, i will in this case be less than 0.000024, 
which is sufficiently small for many purposes. The expression for P:[odd] 4 »c is found in 
Table XI No. 8; after inserting the values of the constants, this gives 0.034239 as the value 
of the series with an error of at most 24 units in the sixth decimal place. Computation by 
means of the Original Form gives 0.034231, exact to the last place; but to attain this result, 
the complicated expression for S given in Table XIII No. 8 and three terms of the none too 
simple Evanescent Series had to be evaluated, in order to attain (as the result shews) an 
improvement in accuracy of 8 units in the sixth decimal place. 

Example 3: —To evaluate [odd]^c when f{u) = i, t =0.108,0 = 1, gx = 2ir/5. Table XXVII 
shews that an error of 0.000004 will be introduced if the Remainder is neglected, w^hile 
Table XI No. i (substituting the numerical value of the integral) gives P: [odd] 4 »c=0.00076 
42252; so that the result obtained by approx.i is more than one half percent in error. Since 
the series belongs to Class A, approx, i may be corrected by computing as many terms of 
the Remainder as may prove necessary; thus Pia:[odd]^c = (0.075Vir).G( 1.2) =0.00000 
40679, while Rj\j'[odd] 4 »c > 10"^**, and all the other terms of the Remainder are smaller 
still. Hence P: [odd]«t>c —Pern: [odd 1^0=0.00076 01573, accurate to the tenth decimal. 
To attain this accuracy by the use of approx, r, the Stationary Series and eight terms of 
the Evanescent Series must be computed and added. 

Approx, iif Hi and iv. 

When the point p representing the series to be summed lies below BE of 
Fig. 2, Rem\^c may be neglected; so that [even\^c may be replaced by 

A\[even]^c — [odd]^c may be replaced by A:[odd]$c, see 

Eqs. 41 and 46. In approx, i it is assumed that the value of A\^c for the 
series represented by the point p can be found from tables; in approx, ii. Hi 

‘ That is, whenever the integrals have been tabulated. 

* The ordinate of E in the figure as printed is fixed by the assumption that lo'^.Mt is 
the largest quantity that may be neglected; other assumptions lead to other ordinates for 
E, see Table XIV. If the point representing the series to be summed lies on or below BE, 
the error of approx, i cannot exceed the quantity assumed negligible in fixing the ordinate 
of E. 
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and iv it is shewn how its value may be computed from the sums of certain 
^^auxiliary series/’ such as those represented by the points s, v and w re¬ 
spectively in Fig. 2. All these approximations are based on the relations es¬ 
tablished in («) and (d) of p. 2820, viz.^ 

[\/a-A:4>c]p = [\/«* Algols = [Va-A:4>c]v = 

since p s and v lie on a straight line passing through the origin, and w lies 
on Qv. 

An expression is given for the crror^ of each approximation, in this case 
the algebraic quantity that must be added to the value given by the approxi¬ 
mation in order to secure the true value of the series. For lack of tables it is 
in general impracticable to compute the numerical values of these expressions, 
but approximations to their alxsolute values are given in terms of the quan¬ 
tity assumed negligible in fixing the ordinate of E; as shewn in the Examples, 
closer estimates may be arrived at by means of Rule I, p. 2840. In the case 
of approx, in and ii\ the constants of the auxiliary series depend only on 
those of the given series; and if the upper limit found for the error is too high, 
these approximations must be replaced by others. In the case of approx. ?/, 
the constants of the auxiliary series depend also on the position of E, and 
although a slight lowering of E may have but little effect on the value of h 
(see Eqs. 49 and 50), Table XIV shews that it will greatly decrease the abso¬ 
lute value of the other factor of the error, viz. [Remi^c]^. 

Approx, ii: —At the point s where any line Op from the origin cuts BE, 
Remise may be neglected (see Boundaries, p. 2821); so that at this point 
4 >c—Hence by means of (a), p. 2820, and Eqs. 41 and 46, 


[even] 

[Va-l^c + i f%u).du}]^ [Va.! 4 >c + ifi{u).du\l 

(49a) 

[even] 

[f>c]p-> h.[^c]. + ^~\f‘f{u).du 

(49^') 

[odd] 


(50) 


The quantity /?, viz. the ratio [VaL/IVaJp, is given by h = 2EirJ{T\/ai + 
2Egx) in which E is the ordinate^ of the point E in Fig. 2, and y/at and gx 
are to be given the values they have in the series represented by the point p. 

To make (496) and (50) exact, the quantity h.[Rem:^c]ti — [Rem:^c% 
must be subtracted from the right of (496) and added to the right of (50). 
In estimating the error introduced by neglecting this correction, [Remi^cU 
may be replaced by and (unless p is very close to BE) [Reini^c]^ may 

be neglected; that is, the error of approx, ii is about h times the quantity as¬ 
sumed to be negligible in fixing the ordinate of E. 

^ In this notation the values of y/a and gx are indicated by the subscript, all other 
constants are the same in the four series. 

* If p lies near the origin, [i 2 cw:<I>c]fi will as usual be negligible; but h will be large and 
so may be the errors of all three approximations. For such cases however the percentage 
error m [A:^c]p will be the same as the percentage error in [A:^1 b or v, or in [Rial 4 »c]w 
as the case may be. 

® In Fig. 2, as printed, E = 0.227; hut any other value might be chosen, see Table XIV. 
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The relations of Eqs. 49 and 50 hold for any point below s on Op, i.e. for 
values of h smaller than those given above; but the number of terms of V 
needed in evaluating the auxiliary series is least at s. 

Approx. Hi: —At the point v where Op cuts PH, A:^c = Riai^c, see (d) 
p. 2820; and if v lies below G, > Rem:^c, see Boundaries, p. 2821. 

If the series be of the [even\ type. Remise = <|>c — A:^c + 4 f^f{u).duy see 

'f o 

Eq. 41; hence if p lies below OG, [A-.^c]y-^[^c — A:^c]y+ ^ J'‘f{u).du, 
i.e. 2[A:^c]y—y [^icjv + i r‘fiu).du; and by (a) of p. 2820 

[even] l^c]^-^^.[^c]y+-~ J^f{u).du (51) 

where h = whgx in which gx is to be given the value it has in the series repre¬ 
sented by the point p. 

To make (51) exact, [Rem:^c]p — (h/2).[Remise — Rja’.^c]^, or in prac¬ 
tice [/^^a:^r]p — (/?/2).[/fi?,:<I>c]v, must be added to the right. The absolute 
value of this correction cannot reach (i + /1/3) times the quantity assumed 
to be negligible in fixing the ordinate of E. Similarly, 

[[odd]$c]p-> (/?/2.[[c2^cn]^c]v + (h/4). f f(u).du (52) 

o 

To make (52) exact, [Rem:[odd]^c]p + (h/2).[Rem:[even]^c — R^a' 
[cem] 4 >c]v or in practice \Rja-[odd]^c]p + {h/2).[Rjfy:[even]^c]ymust be sub¬ 
tracted from the right. The absolute value of this correction cannot reach 
(i + h/^) times the quantity assumed to be negligible in fixing the ordi¬ 
nate of E. 

Approx, iv: —At the point w where the line drawn from Q through v cuts OC, 
[\/a./?ia:^c]w == [\/a.A: 4 >c]p, by (d) p. 2820; and = 2[/2,a:^c]w 

since w is on the ordinate where gx = o, see Eqs. 45 and 47. If w lies below 
C, /?, Rerni^c = zt — F:^c) all for the point w; the minus sign 
is to be taken when the series is of the [odd] type, see Eq. 46. Therefore if p 
lies below OF, 

[cyen] [4>c]p— (/i/2).[4>c - P:$c]w - i J'‘f{u).du (53) 

[odd] [^cjp-^ {h/2).[P:^c - 4 >c]w (54) 


where h = r/gx in which gx is to be given the value it has in the series repre¬ 
sented by the point p. 

To make (53) and (54) exact, [Rem:^c]p {h/2),[Rem:^c — or 

in practice [Ria-^c]p — (/i/2).[i^2’^c]w, must be added to the right of (53) 
and subtracted from the right of (54). In the worst case the absolute value 
of this error cannot reach (i + h/4) times the quantity assumed to be negli¬ 
gible in fixing the ordinate of E. 

If p lies below OE, w will lie below B, [f>c — P:^c]w will be negligible, and 


Eqs. S3 and 54 become 
[even] 



(ss) 
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[odd] [^*c]p^ o (56) 

The correction to be added to the right of (55) is practically [Kio:$c]p + 
(/i/ 2 ).[^j: 4 >c]w; the correction to be added to the right of (56) is practically 
— [i2,a:$c]p + (^/2).[i?i:€>c]w; in neither case can its absolute value reach 
(i + h/2) times the quantity assumed to be negligible in fixing the ordi¬ 
nate of E. 

Approx, it. 

Example 4 *—To evaluate [odd] when /(a) = sin -1-a, t = 0.05, a — 0.0625, ~ 7r/i6o, 
6®*507r, a==ir/6. The given series is represented on Fig. 2 by the point [\/a< = 0.056, 
gx*Tr/i6o], which lies well below BE. The line draw n from the origin through this point 
cuts BE at = so that a safe value^ for h is 0.43/0.056 = 7.6, i.e. if h be given the 
value 7.6, the quantity neglected in (50) wdll be less than io”®./iMf ^lo^^X7.6X1.oX 
^•<^5 = 3-8X10-7. The actual computation w^as made with /i = 8, i.e. the constants for the 
auxiliary series w^ere < = 0.05, 0 = 4, flfa; = 7r/20, 6^ = 50^, a = v/6; Rule I shew^s that the 
quantity neglected, viz. 8 times the Remainder of the auxiliary series, cannot exceed 
6 X10-7. Setting /i = 8 in (50) gives o.i 12463 as the sum of the given series; its true value, 
obtained by evaluating the expression for S given in Table XIII No. 8 and computing and 
adding 33 terms of F, is 0.112463. 

In evaluating the right hand member of {50), 4 »c w’as replaced by S — V, see Eq. 16; 
four terms of the auxiliary Evanescent Series w^ere needed instead of 33 of the Original 
Form. A further considerable saving of labour might be effected by computing the P- 
approximation to the auxiliary Stationary Series instead of the auxiliary Stationary Series 
itself; this substitution* is advantageous because of the relatively simple form of P:S; it 
is allow^able in the present case because with the given values of the constants a, gx and h* 
and the value taken for the sink y and cosh y of Sec. lob p. 2837 are each equal to, 
e^/i within two parts per million. With this substitution the result is o.i 12463. 

Example 5 : To evaluate [odd]<I>c w^hen f{u) —e^^.sin EhTfat l=o.i, 0=0.09, firx=o 
K=o.05, 6* =0.12, a = 7r/4. This series is represented by the point [\/o?=* 0.095, 9^-0] 
on Fig. 2, which is well below BE. Hence if —0.455/0.095 =4.8, the quantity neglected 
in (50) will be less than io-«X4.8X(Af =o.72)Xo.i =4.5X10-7; the value chosen for the 
computation was /i = 5, so that the constants of the auxiliary series have the values: < =0.1, 
0 = 2.25, gx-Oy K =0.05, 6* =0.12, a = ir/4, and by Rule I the error (viz. 5 times the value 
of the Remainder of the auxiliary series) cannot exceed i .0 X10“®. Eq. 50 gives 5(0.3702 776 
—0.2366 696) = 0.668040 as the sum of the series; to obtain this result it was necessary to 
evaluate the expression for S given in Table XII No. 10 using the constants of the auxiliary 
series, and to compute and add 4 terms of the auxiliary Evanescent. The true value of 
the series, obtained by computing S and 17 terms of F, is 0.668041. In this example, with 
the numerical values assigned to the constants, the substitution of P:S for S in evaluating 
the auxiliary series is inadmissible, because of the errors introduced by replacing the hyper¬ 
bolic sines and cosines by single exponentials (see Ex. 4). 

Approx, in. 

Example 6 : To evaluate [odd] when/(u) = e ^=o.oi8, a = i /% gx = ir/30, h* = 2.0. 
The point p representing this series on Fig. 2 lies within the triangle O JH well below BE. 
In Eq. 52, h = vl2gx = 15; so that the constants of the auxiliary series are: ( =0.018, a = 25, 
px = ir/2, 6* = 2.0; as p is well below BE, Eia \[ odd]^c is completely negligible, and (from 
Rule I) 15 times Rih'.[even\^c for the auxiliary series cannot exceed 6Xio“®, which there¬ 
fore constitutes an upper limit to the error of the approximation. In evaluating the right 

^ See the expression for h given after Eq. 50. 

* If this substitution be made, the quantity to be subtracted from the right of (40) and 
added to the right of (50) will be h. {Rem\^c — Rem:S]g; so that in certain cases, tne ap¬ 
proximation may actually be improved by the substitution. 
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of (52), was replaced by — F = —0.0081205+0.0016848 - —0.0064357, see Table XII 
No. 6; whence 7*5(-0.0064357+0.0088399) =0.018032 for the sum of the series; two terms 
of the auxiliary Evanescent were required. 

This series was also summed by the use of approx, m, using h-y.s which is very close 
to the best value; five terms of this auxiliary Evanescent were required; when the Original 
Form (approx, v) was used, 34 terms of the Evanescent were needed; in both cases the re¬ 
sult was the same as that obtained by approx. Hi. 

Approx, iv. 

Example 7 : To evaluate [odd]^c when/( m) t=o.02, a = i, gx-ir/Sf h^-2; this 

series is represented on Fig. 2 by the point [\/ai = o.i4, gx-v/^ly which lies within OEII 
well below BE. In Eq. 54, /i = 5; so that the constants of the auxiliary series are: i=o.02, 
0 = 25, gx-Oy b2 = 2; by Rule I, the error (viz. 2.5 times R2:^c for the auxiliary) is less than 
5X10“'^ Employing the expression for P:[odd]^c given in Table XI No. 6 and those for 
S and V given in Table XII No. 6, Eq. 54 gives 2.5(0.02440842 —0.05080042 +0.02642072) = 
0.0000718 as the sum of the series. Three terms of the auxiliary Evanescent were needed. 

The use of approx, ii would require the computation of a Stationary Series and seven 
terms of an Evanescent to attain an accuracy of 2 X lo"”*. The computation was also carried 
out by means of the Original Form (approx, v), the Stationary and twelve terms of the 
Evanescent being required to ensure accuracy in the seventh decimal place; the result was 
the same as that obtained by approx, iv, 

[Example 8 \—To evaluate \even]^c when /(u) = i/\/6*+m, ^=0.36, 0 = 0.25, 

6‘ = 1.44; the point representing the series, viz. [Voi=0.3, (/x = 2t/ 5], lies below OF of Fig. 
2 and a little above BE. In Eq. 53, /i = 2.5; so that the constants of the auxiliary series are: 

< = 0.36, 0 = 1.5625, gx^Oy 62 = 1.44. As (by Rule I) i.2^(li2:^c) for the auxiliary series is 
less than lO^^S the only quantity that need be considered in estimating the error is Rjai^c 
for the given series; by Rule I this cannot exceed 2 X10"“*; it is positive and must be added 
to the approximate value. 

It is not possible to evaluate for the auxiliary (which appears on the right of Eq. 53) 
by the use of the Original Form (approx, v), since the series belongs to Class D (see Table X) 
and there is no finite expression^ for Sy but in Ex. 11 the sum of this series has been found to 
be o.187839 by the use of approx, vi; the value of P:^c for the auxiliary (see Table XI No. 
ii) i8 0.i87076;so that the sum sought is 1.25(0.187839—0.187076) —0.141641 = —0.140687, 
to which something less than +2X10”® must be added. 

The series of this example was also evaluated by means of approx, ixy which gave 
—0.140686 exact to the last place; this method of evaluation is preferable to that described 
above, as it avoids the complicated computations of Ex. 11.] 

Approx. Vy viz. the Original Form. 

The relation is = S — V, see Eq. 16, p. 2803. Ex. 9 shews how con¬ 
venient this approximation may be with favourable values of the constants, 
Ex. 1-7 how inconvenient with others. When f{^i) = sin or cos bH, or 
e^'^.sin or cos b^Uy P:S may sometimes be substituted for S (see Sec. 106, 
p. 2837). 

If /(u) have one of the forms listed under D or E in Table X, approx, v 
may be used in spite of the fact that no finite expression is known for Sy be¬ 
cause in these cases an approximate value for S may be obtained by the 
method of Sec. loc, p. 2837 (see Ex. 10); but this procedure usually involves 
more labour than does the evaluation of by approx, vi or vii. 

^ S might be evaluated by the method of Sec. loc, illustrated in Ex. 17, but the computa¬ 
tion is extremely laborious. 
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Example 9 :—^To evaluate [even]^c when /(m) « a«i, ^x*7r/8, From 

Table XII No. 4, [even\^c = >Sf — F « 0.620782 — 0.002159 « 0.618623. Only one 
term of the Evanescent Series is required to ensure accuracy in the sixth decimal place. 

[Example 10 —To evaluate [even\^c when f(u) = w, <*1.44, 0-0.25, fifa; = 2ir/5, 

6*=0.36. The expression for V may be found from the Original Integral entered in Table 
XIII No. 2 by setting N -2n and u=o in the latter, multiplying the resulting expression 
by cos 2 ngXy and prefixing the S sign. It is F = (i/-\/«)* Scos 2ngx.e /n = 

—0.181510 (three terms needed); evaluation of S by the method of Sec. loc gives S — 
—0.695060, see Ex. 17; hence <*>0——0.513550, exact to the last place. The method of 
approx, vii (see Ex. 12) is much to be preferred, because of the labour involved in evaluating 
S by the method of Sec. 10c.] 

Approx, viy vii and viii. 

From the definition of the f>-FamiIy given on p. 2795, and those of P:Oc 
and Rem.Qc given in Eq. 27-31, there follows 


- f Oc.f{u).dii = I Qc.fiu).du + f Oc.f{u).du 

Jo Jo ,/T 

== f Qc.f{u).du + f (P:Qc).f(u).du + f {Rvm:Qc).f{u).du 
Jo Jt Jt 


(S7a) 

(S7^>) 


Approx, vij vii and viii are based on Eq. 576 in which r is to be given the 
smallest value that will permit the third term on the right to be neglected. 
Third term of Eq. 576:—An upper limit to the absolute value of this term 




is obviously given by M*. / {Remr.Qc).du where M* is the maximum absolute 


value attained hy f{a) in the interval T<u<t. In this the integrand is of 
the form F{t — u).duj sec Table VIII; so that by changing the variable from 
u to T+w, the expression for the upper limit can be put in the form 

M*.J F{t — T — u).du = where 4 >'’'c(i) is a series identical in 


all respects with except that in it the t and f(u) of 4 >c are replaced by / —r 
and unity respectively. Thus if r be so chosen that lies on BE or 

below it, the error introduced by neglecting the third term of (576) cannot 
exceed assuming that the ordinate of E is that of Fig. 2 as 

printed; and therefore must be less than or in general than the quan¬ 

tity assumed negligible in fixing the ordinate of E. 

The best value of r is found by equating y/aif — r) to the ordinate where 
BE cuts the perpendicular drawn downward from the point (such as p' 
of Fig. 2) which gives \/at and gx for the series to be summed; because lower 
ordinates give larger values of r, and the labour of evaluating the first term 
of (576) increases with increase in r (see below). 

Second term of Eq. 576:—Once r has been chosen, the value of the second 
term of (57b) can be found at once if tables of the Approximation Integral 
A: have been constructed {approx, vi, viii) ; if they have not, computation 

by tabular integration {approx, vii) is best, for although evaluation by means 
of approx, iv is sometimes possible (see Ex. 13) it involves more labour. 

First term of Eq. 576:—If the Original Integral has not been tabulated, 
the first term of (576) must be evaluated by tabular integration {approx. 
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viii). If the Original Integral has been tabulated, the term in question may 
be replaced by the difference between V : and a new series which also con¬ 
tains a converging exponential factor (approx, vi and m), thus:— 

Qc.fiu).du = Scos - F:$c (58) 

which follows at one from the expression given at the head of Table XIII for 
the indefinite integral. Expressions for <p( N,t) may be obtained from Table 
XIII by writing r instead of u; this table deals only with series of Classes 
D and E, but these are the only Classes for which approx, vi and vii are recom¬ 
mended. For use in Sec. loc, it may be noted that the first series on the right 
of (58) becomes >S: 4 >c if r be replaced by t\ the greater r, the more rapid 
the convergence. 

Approx, vi. 

This approximation assumes that the first term of (576) can be evaluated 
by (58); also that A:^c has been tabulated, which in practice means that 
gx = o. 

Example 11 : —To evaluate [even\^c when/(u) = i/\/b2^u, < = 0.36, 0 = 1.5625, gx — o, 
= 1.44. From Eqs. 576 and 58, by means of Table XIII No. 2 and Table XI No. 11, 

[<?t;en] 4 »c —> 2 . F( 2 n^yal>^■\-aT) — i^(2n\/oP) [/n^/a 

-f (\/ir/2\/a) . — y/W^t + 

The best value tor r (see p. 2830) is given by 0.455 = V at —ary whence t= 0.227; the larger 
value T = 0.3024 was chosen (although this necessitates the computation of two more terms 
of the first series on the right of Eq. 58) in order that \/ ab^ -f-or might be a two-figure number 
and interpolation in Table XXVIII might be avoided. The value 7 = 0.227 corresponds to 
a possible error of io“«.M(f —r) = 10"^; with 7=0.3024, Rule I fixes the error as less than 
lo-w. 

Setting 7=0.3024, the preceding equation becomes [eren]^^0.097003—0.015036+ 
0.127513-1.3416414-1.320000=0.187839. Five terms of the first P series and two of 
the second had to be computed and added. 

Approx, vii. 

This approximation is identical with approx, vi except that 'tabular in¬ 
tegration (approx, ix) is employed in evaluating the second term of (576). 
The method illustrated in Ex. 13 is, strictly speaking, an independent ap¬ 
proximation; in it the first term of (576) is evaluated by (58) and the second 
by the method of approx, iv. As this procedure involves more labour than 
does approx, vii for the only Class of series with which it might be used, no 
number has been assigned to it. 

Example 12 :—^To evaluate [ei;cn]^>c when /(«) = i/VF+m, t = i*44, o ==0.25, gx- 2 irl^, 
6^=0.36. From 0.27 = \/at—aT, 7 = 1.148; with this value less than 0.5X is negl ected 
(see p. 2822). The convenient value 7 = 1.08 was chosen, which makes ^/ab'^-^ar-o.^. 
With this value the quantity neglected in (576) is less than 2Xio"« (see Rule I); SLsfiu) 
and Rem: Sc are positive, and the series is of the [even] type, the quantity neglected is 
positive. 

Eqs. 576 and 58, and Table XIII No. 2 give 

[eoen]^c —> 2Sens 4nir/5. je"“°'36n* ^ p(i,2n) — ^ p(o. 6 n) 1 /w 

-f f^'^'^iAiievenlSc) . du/\/o.^6-tu — | ^du/y/o.^6-\^u (59) 

•'I.08 •'l.Oo 
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Five terms of the first p series and three of the second were needed, their algebraic sum is 
—0.372865; the value of the last expression on the right of (59) is —0.141641, The inte¬ 
grands of the remaining expression on the right of (59), viz. 

(V^/2) . 

were computed^ for w = i.o 8 , u = i.io, . . 14 = 1.44 and differenced; taking account of third 
differences the formula of Ex. 15 p. 2833 Rives 0.000955 as the value of the integral. Hence 
[evenl^c -0.372865 + 0.000955 — 0.141641 = —0.513551, to which something less 
than 2X10"® must be added. Evaluation of the Original Form (Ex. 10) gives —0.513550 
exact to the last place, but is much more laborious. 

[Example IS:—To evaluate [even]^c when/(a) and the constants are those of Ex. 12. 
Setting t = i.o8 as before, the values of the first and last expressions on the right of (59) 
are found as in Ex. 12; the remaining expression is identical with the A:[even\^c of Ex. 8 
and may be evaluated by the method of approx, iv as in that example. The result is the 
same as that obtained in Ex. 12, but the method is not to be recommended; for although in 
Ex. 12 fourteen values of the integrand had to be computed, the operations involved are 
far simpler than those of Ex. 8 and accidental errors are immediately apparent; the method 
of Ex. 12 is far preferable to those of Ex. 10 and Ex. 13.] 

Approx, via. 

This approximation is identical with approx, vi except that the first term 
of (57b) is to be evaluated by tabular integration {approx, ix) instead of by 
the method of Eq. 58. The assumption that A :^c is tabulated restricts the 
use of this approximation in practice to series in which gx = o. 

Example I4 :—To evaluate [odd\^c when/(u) = i/V(^^-f^=0.7,0 = i, flrx = 0, 
6* = 1.7, c2=o. 5, as accurately as foui-place tables of the First Elliptic Integral permit. 
The error cannot reach 10“*.M(t—r) if 0.288 be taken as the ordinate of E (see Table XIV); 
assuming this ordinate, the best value of t is given by 2E =0.576 = \/o.7 — r, i.e. r = 0.368, 
the error corresponding to which is less than 0.4 X io“^. For convenience in the use of tables, 
the (safer) round number 7 = 0.4 was chosen; with this value the error is less than lo"® 
(see Rule I). 

With 7=0.4, the second term of (57b) becomes (\/ir/9.6).F(45°, 30®) = 0.3064, see 
Table XI No. 14. To evaluate the first term of (57b), a table of the integrand 

lodd] 9 c.f(u) = 

was computed and differenced for the nine values u = o.(X), 0.05, o.io . . . 0.40. Taking 
account of third differences, the formula of Ex. 15, p. 2833, gives 0.2178 as the value of the 
integral; hence lodd]<Pc —*■ 0.2178 -h 0.3064 = 0.5242 exact within one unit in the fourth 
decimal place. 

Approx, ix. 

Whether or no any of the other approximations are available, any series 
of the ^£! Group can be evaluated by tabular integration; in Ex. 15, the form 
of f(u) is such that none of the other approximations can be used. To carry 
out such an integration, a table of the values of the integrand Oc.f(u) must 
be computed and differenced (the values of 0c being found as shewn on 
p. 2809); since 0c changes very rapidly in value with change in u when u 
approaches t, it will usually be advantageous to divide this table into two, 
in the first of which (values of u near zero) the interval between successive 
values of u is greater than it is in the second (values of u near t). When the 

^ For w ^ 1.36 their values were negligible. 
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table or tables have been set up and differenced, the integration is effected 
by means of the formula^ given in Ex. 15. 


Example 15 :—To evaluate [odd\^c when/( m) = i/(62-|-w2), <=0.24, a = i, ^a; = ir/4, 
6*=0.5. With these values of the constants, [odd]Qc may be replaced by A:[odd]Oc~i?ia: 
[odd]0c without introducing an error greater than io"”^. The following table gives the values 
of the integrands for u =0.00, 0.02 . . .0.12 and their differences; the factor \/ir/4 is taken 
out to save labour. 


. [wid]ec./(u) 


g-7r2/64(o.24 — u ) _g“07r'-‘/64(o 24 -u) 
(\/o.24~-w . (O-S+U^) 


F{u) 


u 

F(u) 

A' 

A" 

A'" 

^iv 


0.00 

2.1346 

-0.0287 

— 0.0197 

-0.0045 

— 0.0014 

—0.0006 

.02 

2.1059 

.0484 

.0242 

.0059 

.0020 

—0.0006 

.04 

2.0575 

.0726 

.0301 

.0079 

— 0.0026 


.06 

1.9849 

.1027 

.0380 

— 0.0105 



.08 

1.8822 

.1407 

-0.0485 




.10 

1-7415 

— 0.1892 





0.12 

1-5523 







i 3 - 45«9 


The value of the integral is computed from the sum of the entries in the second column 
and from the first and last entries of the last six columns of this table, as shewn in the 
following equation: 


/ o 12 / j j 

F{u).du = 0.02] 13.4589-(1.5523+2.1346)-(-0.1892+0.0287) 

( 2 12 


I 19 3 

-(—0.0485—0.0197)-(—0.0105+0.0045)-(-0.0026-0.0014) 

24 720 160 


863 

60480 


0006+0.0006) 


= 0.232638 


Here 0.02 is the common difference of the numbers in the first column, while the coefficients 
1/2, 1/12, 1/24 etc, are deduced from the theory of interpolation, and are the same for all 
problems of tabular integration, without regard to the tabular interval or to the form of 
F(u). 

A similar table of the integrands for u =0.12,0.13,.. 0.24, gives /^'^V(w).du=0.076549. 

•^0.12 

Hence lodd]^c —> {'s/Z/At) • (0.232638 + 0.076549) = 0.13701, exact to the fifth decimal 
place. 

A more exact computation in which F(u) was computed to the fifth decimal place for 
u = o.oo, 0.01, . . . 0.19 and for u=0.190, 0.195 • • • 0.240, and in which fifth differences 
were taken into account, gave \odd]^c —♦ (\/ir/4) • (0.3048098 + 0.0043806) = 0.137007, 
exact to the sixth decimal place. A rougher computation in which F(u) was computed to 
the third decimal place for m =0.00, 0.03,. . . 0.24, taking account only of first differences, 
gave \odd\^c = 0.1371, a result which would be accurate enough for many laboratory 
computations. 


Procedure to be followed when f(u) is discontinuous 


Discontinuous forms of /(u) occur in computations of the concentration- 
changes due to electrolysis with commutated or otherwise abruptly varied 
current. Let/(u) have the successive values^*/i(^) from u = o to w = 


‘ See Boole: ‘^Calculus of Finite Differences,” 3rd Ed., p. 55 Eq. 28, (1880); also Rice: 
‘Theory and Practice of Interpolation,” p. 136 Eq. 235, (1899). 

* The functions/i(u), U(u) are by definition continuous within the ranges specified. 
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/2(u) from w == to R = <2, . . . fr(u) from u = tr-.j to u ^ tr ^ L Then 
$c = Sco.s Ngx, I 

•/o 

r 

= Zcos Ngx, 


. . . + re^^’"\Mu).du'\ 

-I 


(60a) 




= Scos Ngx, 

L 


Mu)Au ~ 


/ /~/i 

^X^nu r 

^ Jl 




-'r-x'.jT' +W).rfu] 


(60b) 


When the integrations have been performed, Eq. 60a gives 4 >c as the sum of 
a number of Evanescent Series plus one Stationary Series (arising from the 
last integration); this is the most convenient form when the intervals t — t\y 
t — Uy etc. are large. Eq. 606 expresses 4 >c as the sum of a number of series 
of the Group; this is the most convenient form when the intervals are 
small, because it enables approx, i-iv to be employed. A number of special 
cases are dealt with by Rosebrugh and Miller: loc. cii.y p. 834-846 and 868-875. 


Approximations to the Derivaties of with respect to gx 

Such series occur in Solutions Nos. i and 2 of Table I; the methods de¬ 
veloped for evaluating are available with certain modifications for these 
series as well. 

SymboU :—For brevity, 4 >' will be written instead of d^/d(gx). It can 
easily be verified that d{P:^c)/d{gx) = d{A:^c)/d{gx)j and this will be 
written A: 4 >'c; from Eqs. 42 and 46, it follows that 

A: [evenl^'c = A : [o<M]^'c = - (6i) 

Similarly, will be written for d{Kia-^o)/d{gx), etc. 

Whfrn gx = o: —By differentiating the expressions for R,„i: and R^b '-^c 
given in Eqs. 44, 45 and 47 and then setting gx = o, it can be shewn that 
when gx = o, Rna‘^'(' = — Rnb-^'c i.e. : €>'c = o, whence iim: 4 >'c = o and 
therefore <t>'c = A: 4 >'c; this eliminates approx, iva, see p. 2836. As shewn 
in the foot-note to Table I, when gx = o, [eve 7 i]^'c = \odd]^'c = Tr.f{t)/^a] 
the same results can be obtained by replacing the variable u hy y ^ gx/ 
2 y/at—au in the expression for A given in Eq. 61, and then setting gx = o. 

When gx = Tr /^:—It is apparent from the Original Form that when 
gx = 7r/2, [even]^^c = o. By differentiation of the Poisson Form, it can be 
shewn that when gx = r/2, A:[even or od!d]$'c = — or odd]^'Cy a 

relation which is used in Approx, iiia^ see p. 2835. 
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Boundaries: From the expressions for given under “Symbols” 

above, it follows that^ a.{A:^'c) has the same value for all series represented 
by points on any line passing through the Origin of Fig. 2; similarly^ 
c) has a constant value along any line through Q; etc. From this 
and the special relations when gx = o or 7r/2, it follows that a.(A:^'c) on 
OE == - a,{R,a^'c) on EB = on BG = on GO etc. 

Ordinate of E: —The values of \/at for selected values of [even or odd] 

when f(u) = i and gx = Trl2 are given in Table XVI. These are the 

ordinates of E for <^'c when/(w) = i and the quantities 10“^®.. . . io“^^ 

are regarded as negligible. In Fig. 2 as printed, the ordinate of E is 0.227; 
this corresponds to neglecting Mt when the Boundaries are those for 
[even or orfd]<i>c, and to neglecting 8xio~®.M^ when the Boundaries are those 
for [even or oddj^^c. 

Table XVII 

Ordinates of E for [even or odd]^^c when/(u) = i. 

Ria^^^c/t 10*® IO~® 10“^ IO“® 10" ® lO”^ io“® 

0.167 0.173 0.181 0.193 0.209 0.229 0*257 0.300 

Number of terms of V: —As the differentiation introduces an N into the 
numerator of each term of the Evanescent Series, V:$'c will be less rapidly 
convergent than but it is nevertheless more rapidly convergent than 

the series on which the Scales of “Number of terms of F” of Table XV are 
based; these therefore remain unaltered. 

Errors of the approximations: —The equations given below are exact, the 
quantities neglected in the approximations are printed within { } and will be 
referred to as the “error”; upper limits to their values in any given case may 
be found by Rule I, in which <i>c is to be replaced by $'c. 

Approx, ia: — = i 4 : 4 >'c ± {Rerni^'c}, When gx == o, Rem: <I>'c == o. 

Approx, iia:— [ 4 >V]p = ± - [Remi^'c]^} 

the plus sign to be taken when the series is [odd]. Here as in Eqs. 49 and 50 
is the quotient of the value of a at the point s divided by its value at the 
point p. If the point s is on or below BE, the error can never reach times 
the quantity assumed to be negligible in fixing the ordinate of E. 

Approx, iiia:— [[odd]$'c]p = (/iV2).[Mrf]<I>'c]v (62) 

+ {{hy2).[Rem:[oddWc ~ R,,:[odd]$'c]v ~ [Rem:[odd]^'cU 

here h^=^w^l4g^x^ where gx is to be given the value it has in the series at p. 
If V lies below G and p below BE, i.e. if p lies within OJE,thc error, which is 
practically— [Ria-[oddWc]^^ can never reach {h}/g + i) 
times the quantity assumed to be negligible in fixing the ordinate of E. 

[[eyen]^>'c]p = (/iV2).[[odd]$'c]v + {see below} (63) 


^ These are the quantities that arise in evaluating Solutions Nos. i and 2 of Table I. 
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here — where gx is to be given the value it has in the series at p, 

and the quantity within { 1 is the same as in (62) except that—[i?ew:[odd]t>'c]p 
is to be replaced by + [i?crw:[ei;en]$'c]p; so that if p lies below O.TE the error 
cannot exceed that given for (62). 

Example 16 :—To evaluate [even\^'c when/(w) f=o.02, o«=o.25, gx = ir/io, 

6 * = 2. This series is represented on Fig. 2 by the point [y/at =0.071, gx ~ ir/io], which lies 
within O JE well below BE. In Eq. 63, = 25, so that the constants of the auxiliary series 

are: / ~o.o2, a = 6.25, gx == ir/2, 5 ^ = 2; and by Rule I (p. 2840) the error cannot reach 
To evaluate [[odd]^'c]v, the expressions for S and Y given in Table XII No. 6 must be 
differentiated with respect to gx as the only variable, and then the values of the constants 
introduced; the result is [[odd]*S']v ~ [[oddJT'lv = —0.1914878 -f 0.1910678 ~ —0.0004200 
which (multiplied by 12.5) gives —0.005250 as the sum required; five terms of the auxiliary 
Evanescent were required. The same series was evaluated by the use of the Original Form 
(approx, va); this gives \even\S^ — (eocnjy' = —1.256014 + 1.250764 = —0.005250 the 
same as before, but 24 terms of the Evanescent had to be computed. 

[Ap'prox. iva\: — Approx, w to was based on the computation of 
Rja-^c from the difference between and P: 4 >c when gx — o; since 

= P:^'c when gx = o, it is not possible to make use of an auxiliary series 
at w in computing 4 >'c for the point p. Thus if Table X is used in choosing 
an approximation to 4 >'c, approx, iiia should be used where the table says 
approx, iv. 

Approx, voy the Original Form: — = #S' — T'; these are found by dif¬ 

ferentiating with respect to gx the expressions for S and V given in Table XII. 

Approx, via, viia, viiia: —The procedure is the same as in approx, vi, 
vii and viii, but in Eqs. 57 and 58, 4 >c, 0 c, P: Qc and RemiQc must be replaced 
by 4 >'c, 0 'c, A : 0 'c and Rem:Q'c respectively, and cos Ngx on the right of (58) 
must be replaced by — N.sin Ngx. 

Approx, ixa: —The procedure is the same as in approx, ix, except that 
values of 0'c are to be used instead of values of 0c. 

Sec. 10: Evaluation of the Stationary Series^ of the <I>-Family^ 

(a) Exact finite expressions for the sum of S:$£ 
when f(u) is of Class A, B or C 

In these three Classes, f{u) = where B may be real, imaginary, 

complex or zero, and p is a positive integer or zero; with this/(w), Poisson's 
Formula gives the exact value of S: in finite form. A number of these exact 
expressions and their P-approximations are given in Table XII; all can be 
deduced from the expression for S:[even]^c where/(w) == and b is real, 
by differentiation integration or appropriate substitutions. 

(i) From Eq. 16, setting/(w) = e^, there follows 

S\[even]^c = , 2(cos 2 ngx) /(^n^a-^lP) (65) 

The Poisson Form* can be found by setting/(nw) « (cos 2w^a?)/(4n*a-f6®) and in 
Eq. 25c of Table VII. Thus 

^ For definitions and symbols, see Eq. 16 and 18, p. 2803. 

* For Stationa^ Series of the ^-Family, see p. 2804 and p. 2856. 

«The definite integrals involved are given by de Haan, loc. cit., Table 160 No. 5 and 

Table 163 No, i. 
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S: leven]^c « (ir/46Va). . ^-box/Va _ 

+ (ir/46\/S) . Va} 

Summing the geometrical series and rearranging gives (see Table XII, No. 4) 


S:[€ven]^c = 


IT. . cosh HTr — 2 gx)/\/^ 

4b\/a sinb hirly/^a 




( 66 ) 

(67) 


The two items on the right of the first line of (66) constitute the P-approximation 
(P.vS) and the second line gives the Remainder {Rem: 8 ) when }{u) = and = 
[cvcn]<I»c. Expressions corresponding to Eqs. 66 and 67 when the type of summation is 
[all], [odd], etc., may be obtained as shewn in the “Summary'’ p. 2801, and in the note to 

Table XII. _ 

(2) If b in Eq. 67 be replaced by ih where i - \/ —1> there results 




*S:[cven]4»c = 


ir.e cos biir— 2 ngx) j\/\a e~~ 

^b^/a sin bv /\/^ 26^ 


(Table XII 
No. 6) 


The expressions for P:S and Rem:S when/(u) = contain imaginary terms which 

cancel in the expression for aS itself, and the real part of P;aS is not an approximation to the 
value of aS when g —* o, 

(3) The expressions given in Table XII No. 5 for S and P:S when /(w) = can 

be obtained from Eqs. 66 and 67 by differentiating with respect to b^; those when/(w) = 

by differentiating twice, etc. When /(u) = P:S and Reni:S are infinite, but 
expressions for aS may be obtained by taking the limits as 6 —► o of the expressions found for 
aS when/(u) = see Table XII Nos. 1-3. 

(4) If ¥ in Eq. 67 be replaced by tb* and — ib^ successively, half the sum of the result¬ 
ing expressions gives aS’ when/( m) = cos (Table XII No. 9) while their difference divided 
))y 2i gives aS when/(M) ~ sin ¥u (Table XII No. 8). The expressions given in Table XII 
Nos. 10 and ii when/(u) = e^^.sin or cos b^w, may be obtained in a similar manner by 
substituting A'-f-tb* and K—i¥ for b* in Eq. 67. Expressions for P:S and RemiS may be 
obtained in like manner from Eq. 66; with all four forms of fiu) the expressions for P:S are 
real, and when ^ ♦ o approach those for S, 


(10b) The P-approximation to S:<i>£ when f(u) is of Class B or C 

The use of P:S as an approximation to S, when permissible, is advan¬ 
tageous because of the relatively simple form of P:S; but as has been shewn 
in the preceding paragraphs, real and finite expressions for P:S are known 
only for certain forms of /(w), viz. Nos. 4, 5 and 8-11 of Table XII. Since 
this approximation consists in effect in replacing sink y or cosh y by p^/2, 
where y stands for the quantities bracketed in the definitions of /i, /2, etc. 
given at foot of Table Xlla, it follows that the larger these quantities are, 
the less will be the error of the approximation, ("omparison of the numerical 
value of the sink or cosh with that of the exponential, usually gives a close 
enough estimate of the error introduced by the approximation (see Ex. 4, p. 
2828); but since Rem:S can be evaluated whenever P:S can be evaluated, it 
is always possible to compute this error in any doubtful case. 

(10c) Evaluation of by means of semi-convergent series^ 
when f(u) is of Class D or E. 

When f{u) has any of the forms listed in Table XIII or under Class D 
or E in Table X, each term of the series S:^c may be replaced by a semi- 

1 There are cases in which it is easier to compute the value of S from aS * V + but 
this procedure is obviously excluded when S is wanted only in order to find ^c. 
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convergent power-series which for large values of N may be used to compute 
the value of that term. To compute S:$c, the terms with small values of N 
are evaluated individually, and by means of the power series an expression 
is found for the sum of all the others (Ex. 17), The values of S:^c so found may 
be used in computing the value of itself, but this is not recommended, 
see Ex. 10, 12 and 13. 

Example 17 :—To evaluate AS:[ei;en]^c when/(M) = i/\/P+w, < = 1.44, 0=0.25, fi^x = 
2,r/5, 52 = 0.36. The expression for S may be found from that for the Original Integral 
entered in Table XIII No. 2, by setting u^t and N^2n, multip lying by cos 2 ngx, and pre¬ 
fixing the sign of summation; this gives /S= Scos 2 ngx.F{‘ 2 n-\/ab^-\-at)ln\/a. By Table 
XXV No. 3, when y'^ 10, fiy) may be replaced by 1/2?/ + i/4?/» -f* 3/8y‘^ without intro¬ 
ducing an error greater than one unit in the seventh decimal place; hence if be written 
for 40624-40^ = 1.80, p{nc) may be replaced by the power series when n^8; therefore 

7 00 

S 2 ngx.F( 7 ic)/n\^-i-{i/ 2 C\/a).^{cos 2ngx)ln- 

n-J n =5 

00 

■f (I/4 c3 Vo) .2]cos( 2ngx) /n*-f-(3/80^Va)• 21 

n =8 n 

The seven terms of the first scries on the right were computed and added, using the values of 
F given in Table XXVIII. The second, third and fourth series on the right might have 
been evaluated by means of Eq. 256?, but except when ^x = o or is very small, the labour of 
evaluation by this method is prohibitive because of the slow convergence of the successive 

derivatives; their values were found by means of the relation ^ ~ 2] “ Xl since exact 

w -=5 n»=i 

expressions for the three sums from n = i to n = 00 are given in Table XII6. The result 
is S “-0.6953506 + 0.0002880 -i- 0.0000029 -f 0.0000001 = —0.695060, exact to the 
sixth decimal place. 

(lOd) Evaluation of S:€>f and related series 

[The Stationary Series arising from series of the Group differ from those from the 

Group only in the occurrence of sin NX in place of cos NX and vice versa. When f{u) is of 
the form u^.e^“ exact finite expressions can be found for the sum of S:^f from those for 
^icos or SIN wX)/(n-|- 5 ), which in turn can be secured by expanding Xcos or sin (n-f-fe) X, 
introducing the values of Scos nX and Zsin nX from Table VI, integrating betw^een the 
limits TT and X, and eliminating. But the expressions so obtained, though finite, involve the 
integrals of cos or sin hx . cot x/2 . dx which cannot be reduced to tabulated forms.^ 

The P-approximation to Z{sin nX)/(n^—¥) can be expressed in terms of the Sine and 
Cosine Integrals, and an approximate expression can be found for the Remainder by using 
the expansion of Eq. 25^ Table VII; but at best the result is clumsy, and if in it h be re¬ 
placed by ih (to sum Zisin nX)/nFFb^) the resulting integrals are untabulated. The sum 
of Zsin nX (Table XVIII No. i) has already been founcU(p. 2802); by integration with 
respect to X between the limits ir and X', that of 2(co8 nX)ln i.e. S:[all]^'s when f{u) = 1, 
can be obtained (Table XVIII No. 2), but repetition of this procedure is useless because 
there are no tables of the requisite integrals. Finally although Z{cos nX)ln^ and Z{sin nX)/ 
w2 can be evaluated as shewn in Ex. 18 and 19, the method there employed does not lend 
itself to generalization. 

In the special case that X=o, and /(m) = i — the sums of the series 

(viz. those obtained from N: 4 >s by differentiation with respect to X ^gx) can be expressed 

^ Legendre Y^Exerdces de calcul inUegral^'* Vol. 2, p. 163, (1817).] shews how one of these 
series viz. S( — . {sin nX)/{ri^h) can be expressed in terms of the derivatives of log F; 

but his formulas are not convenient for purposes of computation. 
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in finite form by means of the logarithmic derivate of the Gamma-Function; one of these 
(Table XVIII No. 7) is required for use in Ex. 25, p. 2876. The relation entered as No. 3 
of Table XVIII was established by Legendre, the inventor of the Gamma-Function. No. 4 
can be deduced from Table VII Eq. 25^ by setting P=0, Q«00, « = i,/(nw) = -i/(n-fb) 
and adding Si/n to the expression so obtained^ (Legendre arrived at it through Euler^s 
Integrals). No. 5 follows from No. 3 and the expression for Si/(n*—6*) given in Table 
XIIo No. 2; No. 6 from Nos. 3 and 5 by addition. No. 8 may be obtained by substituting 
in turn ib and —ih for b in No. 4, and subtracting; the expression so obtained is convenient 
when h is large, for small values of b it is better to sum a few terms of the series directly and 
use Table VII Eq. 25^ to find an expression for the rest of them. The series of Table XVIII 
with the exception of No. 7 are of the [all] type; the sums of series of the other types can 
be found as explained in the “Summary/* p. 2801. 


Table XVIII* 


1 

2 

3 

4 

5 

6 

7 

8 


2.2sin nX 
^cos nXIn 
b.2i/n(n+6) 

-h.'Zi ln{n-h) 

-2b22iAi(n2-b2) 

6 ‘-^.Si/n(n‘^+ 52 ) 


= coi {XI2) 

= — log sin (X/2) — log 2. 

= C -f i/b + ^(6) 

= C +logb + 1/26 — Bi/2b^+ Bz/4b^— B5/6b^+. . 
= (7 + T.cot bir + \p{b) 

= 2C + i/b + TT.cot bTT + 2.^(6) 

= C — {7r/2).tan bTrf2 + 2.^(6) — ^(fe/2) 

= C +logb + Bi/262 + ^3/464 + Bs/6¥+ . . . 


*Here C stands for Euler’s Constant, viz. 0.5772 1566 49015, Bi Bs etc. for the Bernoulli 
coefficients (see p. 2806), and ipih) for d.logr(b)/db. Tables of ^(b) fromb = i tob = loi 
at intervals of 0.5 are given in the Brit. Ass. Report for 1916, p. 125-6; when b lies between 
1 and 2, values of ^(b) can be found by tabular differentiation of tables of log r(b), as in 
Example 25, p. 2876; when b = a -|- p (where a lies between i and 2 and p is a positive 
integer) the reduction formula ^(a 4* p) = ^(a -h p — 1) + i/(a + p — i) must be used. 

For purposes of differentiation, the 12-figure table of Legendre (loc. cit. Vol. 2, pg. 85- 
95) is best, since the tabular interval is only 0.001, and first second and third differences 
are printed; his logarithms however are to the base 10, in order to arrive at ^(b) the result 
must be multiplied by 2.3025 8509 29940. Probably the most accessible table is the Brit. 
Ass. “Tableof the logarithmic Gamma-Function” (1916 Report, pg. 123), natural logarithms, 
10 figures, at intervals of 0.005. 


Example 18 : —To evaluate 2(cos nB)/n^. If/(u) = y/¥-Uy 


[ev€n]^c = — U - 


‘ - i /v*'- 


u, du 


( 68 ) 


To obtain the S and V of (68), 2 must be prefixed to the integral of Table XIII No. 4 after 
writing 2 n for N and multiplying by cos ingx; u must then be replaced by t to give S and 
by zero to give F. By setting 2gx — B and giving 6® the special value 6^ = ^ in the expres¬ 
sions^ so obtained (and also in the two integrals on the right of Eq. 68) there results, after 
rearranging and multiplying through by i6a\/a7ir, 

X^cosnB \/at ^ cos nB . 2 cos nB 




V TT 


\.f>. 

^ 2n\' at 


dy 


(69)’ 


+ 4 al. e-^V«6o( + 
+ (l6a-\/ o/ir) . 




Eii- 


B*/l 6 at) - 

4 

Rem:leven]'i'c with f(u) = -y/u and gx 


S/ 2 } 



Euler^s Constant; see Table XVIII. 


sThis substitution converts the two series into S:^c and V:^c respectively, and the 
expression on the right of (68) into P\^c, in all of which/(u) = y/u\ see p. 2856. 

® Ei{-‘X) « y**(e“y/^) • tabulated by J. W. L. Glaisher: Phil. Trans., 160,367 (1875), 
and by W. lissh'filler and T. R. Rosebrugh: Trans; Roy. Soc. Can. 
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Since the left of (69) is independent of at^ so must the right be; it is therefore allowable 
to select a value of at small enough to make the last line of (69) negligible, and yet large enough 
to permit ready evaluation of the two series. As the relations of Fig. 2 hold for as well 
as for 4 >c, the best value of at is given by the intersection of BE with the ordinate = 5/2. 
If, for examples B = ir/4, and the value \/oib® chosen, the quantity neglected cannot 
reach 0.6Xio"®, i.e. (i 6 a\/a/Tr) . io“® . Mt ivhere /=o.i6/a and Af=o.4/\/a. Eq. 69 
with this value of Vo/, gives 0.663591 as the value of the series when B == T/4; only four 
terms from each of the two series on the right of (69) were required. 

Example 19 :—To evaluate S(«m nB)ln^. If both sides of (69) be differentiated with 
respect to the resulting equation will serve; if, for instance, B = and at =* o.i6 as be¬ 
fore, the result is X{sinnB)/n^ = 0.98188, exact within a unit of the fifth decimal place, 
since the quantity neglected is less than {i 6 a\/a/ 7 r) X8 X lo”®. = 0.5 X io~®, see p. 2835.) 


Sec. 11: The accuracy of approximations to 
based on Poisson’s Formula; the Remainder^ 

Discussion of methods for finding an upper limit to is necessary 

because all the approximations of Sec. 9 except v and ix involve neglecting 
at least one Remainder; and as has been pointed out already, the in¬ 
tegrals occurring in RertL^E are untabulated except for series of Class A. 
It is of course always possible to evaluate Rem i^E by graphical integration 
or by the method of tabular integration illustrated in approx, zx., and because 
of the rapid decrease of RemiQE with increase in u, this does not involve as 
much labour as might be expected; but in practice the use of Rules which 
give an upper limit to the absolute value of Remi^E is all that is necessary. 

A very convenient Rule of this kind has been deduced in Sec. 8:—If the 
point representing the series in a diagram such as Fig. 2 lies below the line 
BE, the error introduced by neglecting Rem:^E will be less than that specified 
by the diagram. If the point should lie a little above BE, Rules I, IV and V 
may be used to find an upper limit to its value. The remaining Rules shew 
for what forms of /(w) and for what values of g or t, the upper limit computed 
for another/(u) t and g may be relied on. Three of the Rules viz. I, II and 
III, hold for all forms of /(w); the others are restricted. Rule VI most of all. 
Rules V and VI deal with relative errors, but in certain cases furnish upper 
limits to the absolute errors as well. 

Rule 1 : The Max.f{u) Rule; valid for all forms of f{u). 

If M be the greatest absolute value attained by f(u) while u increases 
from 0 to ty it follows from the definitions given in Eqs. 44 45 and 47, that 
the absolute^ value of Rn : must be less than it would be if f{u) were replaced 

^ For B = o, the series has long ago been evaluated by means of Eq. 25^; its value is 
1.2020569. 

2 In the Rules enumerated in this Section, ^ may be substituted for (for the definition 
of [aW]^c, see Table III No. 9) if the following changes are made—Rules I-IIIa stand as 
printed, except that the restriction on the values of at in Rules III and Ilia must be deleted. 
In Rules IV and V, the subscript m = o in Eqs. 73 and 74 must be replaced by u « Rule 
VI becomes **Rn/A for the series involving /i(u) will be greater than Rn/A for the series 
involving Uiu),* so that the order in which the functions are arranged in the following 
paragraphs of the Rule must be reversed. 

* The absolute value, i.e. the numerical value taken with the + sign, will be indicated in 
the usual manner by two perpendiculars. 
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by M; or in symbols where 4 »£(i) stands for a series 

identical in every respect with the given series except that in it the f(u) 
of the given series is replaced by i. As numerical values of may be 

found at once from Table XXVII, this Rule provides a convenient method 
for finding an upper limit to the absolute value of 

Since with series of the [even] type the terms of the 0 -Remainder are all 
of the same sign, it follows that 

I Rem:[even]ic\ <MlRem: [even]^c{i )} 

In the case of [odd]^c where the terms of the 0 -Remainder alternate in 
sign, the Rule becomes: \Rem: [odd]^c\ <M.\Rem: [even]^c{i)}y where 
[even]^c{i) refers to a series identical in every respect with the given series 
except that/(w) of the given series is replaced by i and the type of summation 
is [even] instead of [odd]. 

F or insta nce, in Ex. 2, p. 2825, M = 1 (since the maximum absolute value 
of sin b'^u+a is i); hence from Table XXVI, Nos. 2 and 3, 

\Rem: [odd]€>c| < i.S{tiTr— gxlSa\^ t) .G nv — gx^) 

+ inTr+gx/Sa\/T),G(^Tr^at/mr+gx^)} (72) 

Setting i = 0.09, a = 4, and gx = o, the expression on the right of (72) be¬ 
comes S(n\/7r/i6).G^i.44/w‘^), and from Table XXVII the first term of this 
series is less than (V7r/i6).G(i.5) = 0.000024, the second term is less than 
io~“, and the other terms are smaller still. Thus by Rule I, the absolute 
value of the Remainder must be less than 24 X 10“®; on p. 2825 its actual 
value was found to be 8 X io“®. Rule I is also used in Ex. 3-8, ii, 12, 14, 
18, 19 and 24. 

Rule II: The d/dg Rule; valid for all forms of f{u). 

Since in series of the ^>-Family, n always occurs in the combination ng, 
the quantity g = ir/2J may be identified with the a? of Eqs. 24-26; therefore, 
in the limit when g—^o (i.e. when /2m:0j5and consequently Rem:^E 

must vanish,^ and the value of P:^e must become identical with that of ^e 
itself. Thus the Solutions obtainable directly from the differential equa¬ 
tions (i) and (2) by setting Z= 00,can also be obtained by substituting their 
P-approximations for the series contained in the Solutions of Table I. 

Any decrease in g will decrease Rem: 0 e and will therefore decrease Rem : ^e 
(i), provided that a{t — u) lies below certain upper limits- which depend on the 
type of summation but which are sufficiently high to include all values of 
a{t—u) for which the substitution of P:Qe for 0^ is likely to prove useful. 
Therefore the upper limit to found by Rule I for any given value 

of flf, will be an upper limit for all smaller values of g] provided, of course, 
that the other constants in the series remain unaltered. 

‘ This follows at once from a consideration of the expressions for Rem: Gc in Table VIII; 
all are of the form {A/g) , cosh C/g, and vanisn in the limit when g —*o. 

* Safe limits may be found by differentiating R\:^c with respect to gr, and then imposing 
the condition that the integrand of the resulting integral must be positive for all values of u. 
These limits are:—for [even or odd]^, at < ir*/2 when gx « o, of < irV4 when gx * t/2. 
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Rule II is useful in computing the concentrations at a rotating electrode; 
decreasing the rate of rotation increases I and therefore decreases so that if 
for any given rate of rotation Rule I has shewn that any one of the approxi¬ 
mations i-iv is valid, that approximation must also be valid for all slower 
rates of rotation. 

Rule Ila: The restricted d/dg Rule; valid only if f(u) 
retains its sign in the interval o<u<t. 

If f{u) retains its sign for o<u<t, not only the upper limit to \Rem:^E\ 
but \Rem:^E\ itself will be lowered by decrease in (7, subject of course to the 
restrictions as to the value of at stated in Rule II. This follows at once from 
the definition of Re 7 n:^E given in Eq. 40, as RcihiOe i« always positive. 

Ride HI: The d/dt Rule; valid for all forms of f(u). 

The value of the upper limit to Rn'^s found by Rule I will be decreased 
by any decrease in tj provided that at lies below an assignable upper limit 
which depends on the type of summation.' In this statement, Rem may be 
substituted for i4; in the case of [even]^c, the limits of at are the same for 
Rem as for Rn, in the case of [odd]^c they are lower‘d for Rem; but in every case 
they include all values of at for which approx. i~iv arc useful. 

As an example: In Ex. 2 p. 2825, Rule I shews that *| Rem:[odd]^c\ must be 
less than 24 X when t = 0.09; hence by Rule III it must be less than 
24 X io“® for all smaller values of t provided a, gx and f{u) remain the same. 
This Rule like Rule II is of practical importance in electrochemical com¬ 
putations; for if Rule I should shew that any of the approximations i-iv may 
be used to compute the concentration at some instant during the electrolysis. 
Rule III shews that it may safely be used to compute the concentrations at 
any earlier instant. 

This rule is also useful when approx, vi, vii and viii are employed; if Rule 
I shews that one of them is safe for a selected value of r, then for all lower 
values oi t — T i.e, for all higher values of r, it will be safer still (see Ex. ii 
12 and 14). 

Rule Ilia: The restricted d/dt Rule; valid only if f{u) retains 
its sign in the interval o < u < t. 

If f(u) retains its sign in the interval o < u < t^ the statements of Rule III 
as to the upper limits to and hold for [Rn-^sl and 

\Rem:^E\ themselves. See foot-notes to Rule III. 

^ If the expression for Ria’.leven or odd\^c(i) be differentiated with respect to the 
term arising from the differentiation with respect to the upper limit of the integration is 
zero, and for the other term to be positive it is suificient that (tt — gx)^> 2a(i—u), i.e. if 
gx = 7r/2, at < TT^/S; if gx == o, af < ' 7 r^/ 2 . Similar differentiations shew that the limits 
just found for Ria will also serve safely for Ribt Rza^ etc. 

* The derivative of Rem:\odd\^c (1) with respect to t will be positive provided at < 0.3 
if gx = v/2y and for higher values of at if gx < t/ 2, up to at = 1.2 when = o; because 
for these values of at, the absolute value of the increment of each term of the Remainder 
for a given increment of t is less than that of the preceding term. 
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Thus if the current does not change its direction in the electrolytic experi¬ 
ments referred to under Kule III, the absolute values of Rn^^E aiid Remi^E 
computed for any instant of the electrolysis will be less than those for any 
later instant; whereas if the current does change direction (sinusoidal current 
for example) all that can be said is, that the upper limits found by Rule I will 
be less (see Rule III). In Ex. 2 for example, 24 X io~® is an upper limit to 
the error when t ^ 0.09; but the true value of that error, viz. 8 X io~®, is 
not necessarily so. 

Rule IV: The Max, Exponential Rule; valid only if f{u) 
retains its sign in the interval o < ti < t. 

It is obvious from the equations of Tab. VIII that for given values of the 
constants at and gXy \/t—u,lln-QE will be greatest when w == o; therefore, 
provided f(u) retains its sign in the interval o < u < t, 

I I < < (ftn:e£)„„o. 1 .du \ (73) 

In the case of [even]^Cj Rem may be substituted for /f„ in the statement of 
this Rule; while in the case of [odd]^c, Rem may be substituted for R^ on the 
left of (73) and Ri for R^ on the right. 

This Rule is not of much practical use, since the upper limit it predicts is 
usually much higher than that given by Rule I; it can be useful only if f{u) 
decreases very rapidly with increase in for example, if a==i gx — o t — o.o$ 
and /(w) = ^”^^^7 Rem:[odd]^c is less than 0.0002 by Rule IV, and less than 
0.0007 by Rule I. 

Rule V: The Rn/A Rule; valid only if f{u) retains its sign 
in the interval o < u < t. 

Since for given values of the constants a t and gXj the ratio (J?n‘ 0 ^?)/ 
(A :0)5) has its greatest^ value when ti = o, it follows that (provided/(w) re¬ 
tains its sign in the interval o < u < t) 

{Rn:^E)/{A:^E) < [(fln:e^)/( 4 :e^)L»o (74) 

as both sides of (74) are positive, the 11 are omitted. In the case of [even]^Cy 
Rem may be substituted for Rn on both sides of (74); while in the case of 
[odd]^c, Rem may be substituted on the left and Ri on the right. 

Rule V which provides an upper limit to the quotient Rem : by A : 
obviously provides an upper limit to Rem.^E itself whenever the value of 
A: ^E can be found. The quantity on the right of (74) usually gives a rather 
high upper limit to the quantity on the left, especially when gx is small; but 
on the other hand, this limit is independent of the form of f{u) and is easy to 
compute. For example, no matter what/(w) may be (so long as it retains its 
sign), if < = 7/90, a = I , and gx = 7r/3, the quotient Rem : [odd]^c by A : [odd]^c 
must (by Eq. 74) be less than 2.6 X 10“^; from Tab. XXVII, when f{u) = i 
the true value of this quotient is 8 X 10”®. 

^ This is true if the series be of the [even] or [odd] type and gx lies between 0 and t/ 2 ; 
see Eqs. 27-32 p. 2809. 
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If the series be of the [odd] type, the percentage error introduced by 
neglecting Rem: [odd]^c is almost exactly one hundred times the quotient 
{Rem:[odd]^c)/{A\[odd]^c)] and Eq. 74 states that this percentage error 
cannot exceed 200 times ( 7 rgfx/ 2 a 0 > matter what/(w) may 

be so long as it has the same sign between u — o and u For an application 
of this Rule, see p. 2855, also approx, c, p. 2960, and ‘'Boundaries for Eqs. 
110-112,^^ p. 2869. 

Rule VI: The d.log f{u) Rule; valid only if f{u) retains its sign 
in the interval o < u < t and steadily increases or 
decreases during that interval. 

If two series of the same type of summation and with the same values of 
the constants, a t and gx, differ only in respect to f(u) (assumed positive^ over 
the whole range of integration in both cases), and if for every value of u be¬ 
tween o and ty d log fi(u)/du is greater than dlogf2(u)/du, then 
for the series involving /i(u) will be less- than for the series 

involving/2(u). 

From this Rule it is obvious that Rn/A when f{u) = will decrease as 
h increases, while ioxf{u) = the opposite is true; also that Rn/A is less 
for S{u) = IP'+u than for f{u) = less for f/u) = 6-+w than for 

f{u) = 26^+2^, etc. Of course the type of summation in the series compared, 
and the values of a t and gXy must be the same. 

When the value of, or an upper limit to, RJA has been found for some 
particular/(w), Rule VI defines a group of forms of f{u) for which this is an 
upper limit. Thus the value of Ri:[odd]^c)/(A:[odd]^c) when f(u) = i, 
a = I, i = 7/90 and gx = t/^, viz. 8 X io“®, (or the upper limit to it found by 
Rule V, viz. 2.6 X 10"^), constitutes an upper limit for every series [odd]^c 
when/(u) is such that d log f{u)/du is positive and the constants a t and gx 
have the values given above; such functions are: — f{u) = u, u^, ¥+Uy e^y 
etc. Thus the error introduced by substituting P: [odd]^c for [odd]^c cannot 
exceed 8 X 10“^ percent of the sum of the series \if{u) = e'^y and will exceed 
8 X io~^ percent if f{u) = but is obvious that the absolute error will be 
greater in the former case than in the latter. 

' This assumption does not involve any loss in generality; for so long as f(u) retains its 
sign, changing this sign does not affect the absolute value of the sum of the series. 

® This Rule may be established by the following argument:—Writing A as an abbrevia¬ 
tion for il. 4 *^ and il'for the quantity {A:QE)J(u)y it is obvious that the quantity {A'/ A).du 
must always be a positive proper fraction no matter what/(u) may be; the sum of all these 
fractions is obviously unity; and the sum of the products of each one of them into the 
corresponding value of the ratio Rn.OE/A:O e (viz. that taken for the same value of u as 
is the fraction) gives (Rn'.^E)/A. If d logfi{u)/du be neater than d loqf2{u)/du for every 
u between o and ty there must be some value of u in the range at which the two fractions 
are equal; at all higher values of u, every fraction for/i(M) will be greater than the cor¬ 
responding fraction for/2(u), and vice versa. Now the values of the ratio RniOs/A:Q e 
into which these fractions are multiplied are independent of f(u), i.e. they are the same for 
the two sets of fractions; moreover (see Rule V) the values of Rn. Bs/A: Qe decrease as u 
increases. Therefore the series involving /2(u) which gives rise to the greater fractions at 
the lower values of u will have the greater Rn/A. 
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PART IV 

EVALUATION OF SERIES OF THE GROUP 
INCLUDING THOSE OF TAB. II 

The general definition of the A-Family is given on p. 2795, see also Tab. 
Ill No. 10; the Ae Group is defined on p. 2800; the Poisson Form and the 
definition of P: A and Rent: A are given in Eq. 48, p. 2812. The Solutions of 
Table II (see Tab. IV) each consist of the sum or difference of two A^s in one 
of which X = g(x+\)y and in the other X=^g{x—\)f see Tab. Ill and VIII. 

The Original Form (approx.vb): — As at remains constant during thfe X- 
integration, there is nothing in this Family to correspond to the Stationary 
Series of Part III. Every series of the A-Family contains a converging ex¬ 
ponential, and the “number of terms of V” in Tab. XV gives an upper limit^ 
to the “number of terms of [even or odd]Ac” 

The Poisson Form: — This is more generally useful for purposes of com¬ 
putation than is the case with series of the 4 >-Family, because the integrals 
involved have been tabulated not only when F(X) = X^ (p a positive integer), 
but also when P(X) = if B and C are real. The untabulated forms 

which arise when P or C is imaginary or complex are dealt with in the Ap¬ 
pendix, p. 2862 (see Table XXI p. 2865). 

Boundaries: — If P(X) = i, a safe Boundary for Pew: Ac analogous to BE 
of Fig. 2 can be found from 

Pi^: [ct?enorodd^]Ac = ^|^/^-~ e“^\d2/|(75) 

the upper sign to be taken if X = g(x+X) and the lower if X = g{x ~X). The 
quantity within brackets on the right of (75) is the difference between two 
Probability Integrals, viz. that in which the argument is U and that in which 
it is L, where U = {j—gx)/2y/at_^TidL = (7r/2—gfx)/2\^Hf X = g(x+\)y 
and where U = (37r/2~gfx)/2\/a^ and L == {Tr--gx)l2\/at if X == g{x—\). 
Safe upper limits to the values of Rja-Ac are found by setting 1/ = « in Eq. 
75. If X = g{x—}<) these upper limits depend only on the values of I and of 
{7r—gx)l\/^, so that the upper limit of iRia)/l has the same value for all 
series represented by points on any line passing through Q of Fig. 2; the highest 
line for which this upper limit is negligible constitute the Boundary for R^a 
and also for Rem. Table XIX gives the values of \/at for the point at which 
the Boundary^ cuts PH, when the “permissible error^' (i.e. the greatest 
quantity assumed to be negligible) varies from lo-®./ to lo*"®.!!. If X = 
g(2;+X) the Boundary for R^a runs upward through P;_the ordinates of its 
intersection with OC are also given by the values of y/at in Table XIX. 

^ If the Scales of Fig. 2 are used in estimating the number of terms of Ac, the error will 
not exceed lo'^.Ml where M is the maximum absolute value attained by F(X) in the in¬ 
terval 0 < \ < I 

* The line BE of Fig. 2 (in which E =* 0.227) w the Boundanr for RemiAc (with X = 
gx — ^X) which implies an accuracy of 6 X see Table XlX. The corresponding 

Boundary when X « H- gX would be constituted by a line from P to meet OB at Vat « 
0.227. 
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Table XIX 

Boundary for Rja,[even or odd]h.c when F(X) = i. 

Ordinates on OC for the Boundary when X = g(x+X); ordinates on PH for 
the Boundary when X — g(x—\), 

(Riail^ven or odd]Ac)/l io~® lo”"® io“® io~^ io~® 

\/at 0197 0.212 0.232 0.260 0.299 0-359 

Approx, iby the P~approxim.aiion :— If the point representing the series 
lies below the Boundary, the error introduced by substituting P:Ac for Ac 
cannot exceed M times the quantity assumed to be negligible in fixing the 
ordinate( on OC or PH as the case may be) for F(X) = 1; M being the maxi¬ 
mum absolute value attained by F(X) in the interval o < X < Z. 

As the integral in A: Ac has the same form for all values of gx, the simpli¬ 
fication introduced by setting ^2: = o in series of the Group has no counter¬ 
part here. 

Approx, zi, in and iv of Part III cannot be adapted, because in this Family 
there are no relations corresponding to those developed in paragraphs (a) 
to {d) of Sec. 8. 

Approx, vi'-viii of Part III are not applicable because in this Family the 
integration is with respect to the angle, whereas in the ^-Family it affects 
the exponential on which the convergence of the Original Form depends. 

Approx, ixb :— In this Family the quantity to be tabulated is 0 c.F(X); 
the values of Qc in such a table are all for the same value of T — at and suc¬ 
cessive values of X = g{x±\). 

Sec. 12: Evaluation of Multiple Series occurring in the As Group 

Double Series :— It has been shewn in Tab. IV that the series printed at 
the head of Tab. II can always be expressed as the sum or difference of two 
series of the Ae Group, in one of which X = g{x+\) and in the other X ~ 
gix—X). If now the F(X) of these series be one of the series occurring in the 
Solutions of Tab. I (in which t? must be written for t and X for x) i.e. if F(X) 
be [even or odd]^c or the A-series so arising will contain a double summa¬ 
tion; approximations to the values of these Double Series will now be con¬ 
sidered. 

Taking F(K) = [even or odd]^c as an example, 

Ac = (S .cosQg(x±\)).(Scos 

in which Q stands for 2q or 2g — i and N for 2n or 211 — i; since the two sum¬ 
mations are independent it is necessary to use different symbols for the two 
variables of summation, but because of the brackets there is no ambiguity 

00 00 

in writing S for in the first and S for in the second. The double sign 

n-i 

is used in cos Qg(x±\) to include both the Ac’s; and where the double sign 
occure in Eqs. 77-83, the upper is to be taken if -|- has been taken in (76). 
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Since in Eq. 76 Ac is presented as the product of two series, in one of which 
q is the only variable of summation and in the other n, its value must be in¬ 
dependent of the order^ in which the summations are effected. As moreover 
each of the quantities a 6 gx and I is independent of all the others and of n and 
g, the four operations (viz. two summations and two integrations) indicated 
in Eq. 76, and also any differentiations with respect to a ^ gx or 1 , may be per¬ 
formed in any order that may prove convenient; and at any stage either or 
both sums may be replaced by any suitable approximation. 

In practice it is best to begin with the integration with respect to u, con¬ 
sulting Table XII and writing X wherever x is printed in that Table. This 
replaces the second factor in the X integrand of (76) by >S — V = <S ~ S cos 
NgX.e^^"^^ June N (see Eq. 16), and thus converts the right of (76) into the 
difference between two series; one of these, if S is known in finite form will only 
involve a single variable of summation viz. g, while the other is a double series. 
In this new double series all the factors of the integrand are free from X (and 
are therefore to be treated as constants during the integration) except cos 
Qg{x =tX).co6* Ng\ whose integral between the limits o and I is 

[A/' = 2n, 0 = 2g—i] {±Q.sin Qgx + {—iT^'^.Q.cosQgx)/g(N^-Q^) (77) 

[A^ = 2n—I, Q-2g] (dtQ.sinQgx — . N .cos Qgx)/g{N--Q^) (78) 

Thus whenever a finite expression is known for the sum of 5 , i.e. if belongs 
to Class A, B or C of Tab. X, Eq. 76 can be put in the form^ 

Ac = fs . Sc . cos Qg{x±\). dX 

- SSfactor. . c m ~ Q’O (79) 

where the ^'factor’^ of the double sum is 

{zkQ.sin Qgx — (—i)'**^^. A^.cos Ogx).func N 

if N is odd and Q is even, or a similar expression in the other case. 

The single series in Eq. 79 will be rapidly convergent if a(t—^) is large, 
and in such cases may be summed term by term; the integration of S.cos 
Qg(xdbX) presents no difficulty. If a{t--‘d) be small, the series (which is a 
©If) may be replaced by its P-approximation from Table VIII; the subsequent 

' This is important, for there are many repeated series whose values depend on the order 
of summation; for example SSi/(m* — 49*) in w’^hich m stands for 2n~ 1 and both n and q 
must be ^ijiven all integral values from i to 00. In such cases the order in which the summa¬ 
tions are to be carried out is indicated by the relative position of the signs of summation, 
thus 2) 2) indicates that the value of 2) i/(w*—4g^) is to be found for 5 = 1,2,..., and 
on ^ 

that the sum of all these values is to be taken as the value of the repeated series; since 
2 i/(m* — 452) = o for every value of the integer 5, it follows that 2 2 i/(m*-“45*) = o, 

n Q ^ . 

while 2 2 45*) = 2 —i/zm® = See Bromwich: ^‘IrUroduction to the 

Theory 0/Infinite SerieSy^ p. 78-81. 

* Since the value of Ac is independent of the order in which the summations are per¬ 
formed, the symbol SS which leaves the order undetermined is used in Eq. 79 * 
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integration will lead to tabulated forms only if f(u) = constant^ vP or 
in other cases tabular integration (see approx, ix) must be employed. 

The double series in Eq. 79 may be summed term by term if both at? and 
a(<~t?) are large; in other cases it should be differentiated with respect to 
at?, which removes the denominator in the derivative viz. 

- S { ±Q. sin Qgx. e . 2 {e June N } (8o) 

+ 2 {(-i)’.cos JV} 

the variables are separated, and any or all of the single series may be replaced 
by suitable approximations.^ After the replacements the derivative must be 
multiplied by d(at?) and integrated with at? as the upper limit, not forgetting 
the integration constant. 

The foregoing is essentially the procedure followed in Illustration I; the 
double series of (85a) however involves two A’s as must all that arise from the 
Solutions of Tab. II; for reasons of convenience it was combined with still 
another series to give the double series of (856) before performing the differen¬ 
tiation and replacements. The series evaluated in this Illustration arises in 
problems discussed by Rosebrugh and Miller (loc, ciL, p. 862); to facilitate 
cross reference, their symbols have been retained and the [odd-alt]^s of the 
original has not been replaced by [odd]^c. 

The method just discussed for dealing with the sum on the right of (79) 
presumes the existence of a finite expression for S; it is moreover restricted 
by the assumption that if N is even Q will be odd and vice versa. The first 
limitation is unavoidable; the second is of no practical importance, for when 
N and Q are both odd or both even the physical problem reduces to one in 
which the Boundary Conditions remain unchanged except for a discontinuity 
in f(t) at the moment t — d, and the Solution does not contain a double 
series. Examination of the integral of cos Qg{x ±\).cos Ng\ when N and Q 
are both of the same type, and in particular of its form when N — Q (which 
obviously cannot occur if one is odd and the other even), shews that in such 
cases the double series of Eq. 79 reduces to a single series; but for the purpose 
of the present paper detailed discussion of this transformation would be 
superfluous. 

The difficulties which arise when putting this procedure in operation, are 
those of the integration with respect to at?; if the ri-summation of the double 
series in (80) be replaced by its approximation while the 9-summation is left 
as it stands, the integration leads to tabulated forms in all cases where a 
finite expression for S is known except when/(u) = e^^,(sin or cos) b^u; but if 
the 9-summation be replaced (whether the n-summation be replaced or not) 
the integrals are untabulated except for gx = o. The form of the integration- 
constant must also be taken into consideration; the object of the replacement 
is to save labour of computation, and when the integration-constant is 
clumsy much of the advantage is lost. 

^ The q-series are of the form 8 or 0', approximations to which may be found from 
Table VIII. The n-series are of the form V « or V' * <S' — all for * o 

and the/(u) of Eq. 76; so that approx, i, ii and ix (or ta, ita, and txa) are available. 
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Triple Series: —If in the Solutions of Table II, the F{\) be replaced by the 
double series of Eq. 79 (writing h for t and X for x)^ the A^s will each contain 
a Triple Series. In the cases which occur in practice the type of the new 
summation will be odd if Q of Eq. 79 is even and vice versa, since both the 
sines and cosines of (77) and (78) are summed with respect to 9; in all other 
cases the triple series will reduce to a double series and the physical problem 
to one whose solution does not involve a triple sum. This leads to a certain 
symmetry in the triple series with respect to the first and third variables of 
summation, which accounts for the choice of a special method for finding 
a ^^q-approx^ in Illustration II. 

As with the double series of Eq. 76, the sum of the triple series is inde¬ 
pendent of the order in which the summations, integrations, differentiations 
and replacements are effected. Its form is such that, by introducing two 
differentiations, the method of Eq. 80 may be employed to separate the 
variables; this is essentially the procedure followed in Illustration II, except 
for the ^^q-approx” where the integration constants^ proved to be extremely 
clumsy. 

There is another procedure which dispenses with the differentiations, 
and without separating the variables of summation at once replaces the 
9-summation by its approximation. This operation reduces the triple series 
to a double series in which each term contains functions of n and p (the third 
variable of summation), and in some cases may lead to a very useful approxi¬ 
mation to the sum of the triple series. If P be written for 2p or 2p — i, the 
triple series must have the form 

where the *^factor” depends on whether Q is even or odd. If the upper sign 
be taken in Eq. 76, these factors are 

[Q even] j +«.,s?n Pgx — cos Pgx } + NP {(— 1)” '^^.co.s Pgx 

sin Pgx} 

[Q odd] ~Q( ±{—jY^'^,P.sin Pgx+Q.cos Pgx]—Q\{—i''^'^,Qxos Pgx 
db( — Pgx] 

If the lower sign in (76) be used, Q- outside the first bracket must be replaced 
by — and ~ Q outside the first bracket in the third line must be replaced 
by +Q. Since N and P are both even or both odd, in some terms of the 
summation they will be equal; for these terms, (81) becomes 

For the terms in which N is not equal to P, (81) may be converted by the 
method of partial fractions into 

^ factor. . 

Idld L (Q^-p^) 

^ In the and in the ^^p-approx.** only one differentiation is involved, and the 

integration constant is zero. 
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Approximations^ to all the forms that can occur in these q summations, ex¬ 
cept such as can be found immediately from Table VIII, are given in Table 
XX. Some of them are complicated enough; whether in any given case direct 
summation of the triple series would be preferable to use of the formulas 
arrived at by this method, depends entirely on the values of the constants; 
in the comparatively simple series of Illxistraiion 11 j this ^-approximation is 
of real importance. 

Table XX 


1. ^Ee/De 

2 . :^{-i)\Ee/De 

3. 'EEo/Do 

4. 2(— i)®.(2g— i).Eo/i)o 

5. ZEe/{Dey 


Approximations for use with Eqs. 82 and 83 

—> i/2m- — {y/Tr/2m),F{\/ni^T) 

—> i/2/R“ + (— 

— yJi^TlAin- + Tr'Kc~”‘’^l i6m^—if2m* 


6. i:(-iy.Ee/iDey 

7. ZEo/{DoY 

8. '^{-Ty.{2q-i).Eo/{Doy 


‘ i)"'. 7 r.( 2 m 2 r+i).e 

— y/irT/itn^ -Y 7r-.e~*'‘'^/64n^ 

(-i)".7rr.e-^'‘’74 


In this table the following abbreviations are used: 2 = 2 ; Ee = e 

f/»T 

Eo = De = 47“~?n'^; Do = (25 —t)*^ —4^-; n is a positive integer 

and m = 2n — i. 

Illustration I: Double Summation 
(a) Origin of the Double Series 

In the first problem dealt with by Rosebrugh and Miller in Part II of 
their paper, the Initial (-ondition is [at / = o] 2 — 2o = o; the Boundary Condition 
[at a; = o] is 2—20 = 0 for all values of t) the Boundary Condition [at a; = Z] 
changes at the moment t = d from dz/dx = Cito 2 — 20 = f —20; 20, Ci and f 
are constants. Thus for an expression for 2—20 is given by Table I No. 
3Gf, after replacing 2 by 2 —20 and/(Z) by Ci. In particular 

[at Z==T?] 2—2o = (2/c/Z). 2 (—f e“"''®^^'"”\Ci.du (84a) 

o 

= CxX - (8Cil/ir2). 2(-i)"+'.smm{/x.e"’"’“'’/m2 (84b) 

If the Boundary Conditions of Table I No. la and Table II No. i be 
added, they give [at .r = o] 2—20 = 0, [at x = l] 2—2o=/(Z““t?), [at Z = tf] 2—20 = 
F{x)] so that if the/(Z—t?) of Table I No. la be replaced by f—20, and the 

1 Series No. i of Table XX is V:[even]^c with/(w) = and gx == o; the approxima¬ 
tion is V—*S — P:^c. No. 2 is the same but with gx == ir/2. No. 4 is d/d{gx).V: [o(ld]<^c 
with f{u) = and gx = v/2. In Nos. 5 and 6, f{u) = u.<j~wi*u and in Nos. 7 and 8, 

f{u) =* 
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F(X) of Table II No. 1 be replaced by the expression on the right of (84) in 
which X is to be written for a;, the sum of these two Solutions will give the 
values of Zo, when t> t?. They are given in full in Eq. 8sa; its first line 
is the Solution Table I No. la, the sum of the Stationary Series being ob¬ 
tained from Table XII; the second line is the Solution Table II No. i, it 
is the difference between two A’s, one with X = g{x+X) and the other with 
X — g{x—\)f and is a Double Series. 

[0.9] Z-Zo = -2(F^/x). 2qgx.e-^'<‘^*-^)/q 

+ (2/Z). f "Zsin 2qgx.inn 2qg\.e~^'^^‘~^KF(\).dK (85a) 


Instead of evaluating the single series of (85a) by the methods of Sec. 9, 
and dealing with the double series as described on p. 2848, it is shorter in 
this case to convert the former into a double series,^ add it to the latter, 
and deal with both at once; the compact form so obtained, Eq. 856, is identical 
with Rosebrugh and Miller^s Eq. 71. 


[<>??] z — Zq = ^—Zo-xll — (i6Cii/'7r^)* 22 (—i) 


<?-fi _ 

q{nt‘-4f) 


sin 2qgx 

im 


If both sides of (85b) be differentiated with respect to gx, and then x be re¬ 
placed by i, there results 

[at x = Z] dz/dx = (J--2o)/Z - (86) 


Eq. 86 occurs in the solutions of certain problems of electrochemical 
polarization now being studied in this laboratory; an expression free from the 
restriction x = l may be obtained by multiplying the quantity to the right 
of the sign of double summation by (— zqgx. 


(b) Evaluation of the Double Series 

If r/t? and a(^ —t?) are not too small, the double scries of (86) may be 
evaluated by direct summation. But the smaller a/d and a{t—'d) arc, the 
greater the number of terms that must be computed and added; in such cases 
the methods of approximation already described may be employed. For 
brevity the letter H is written for the double scries of (86) omitting its 
coefficient (— i6Ci/7r‘’), A is written for at? and E for at. 

Differentiating with respect to Ay 

dH/dA = - (87) 

Either or both of the factors on the right of (87) may now be replaced from 
Table VIII by its P-approximation, and if the result be multiplied by dA and 
integrated, it will give rise to an approximation to H. Three cases are 
possible:— 

^ By replacing f—zo by the expression obtained when x is set equal to I in Eq. 84b. 

In Eq. 84, S stands for £ as usual, in (85a) for £; in (Ssb) both summations are from i 

n*i 

to 00 and the order of summation is immaterial. 
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q-approximation:— ait—d) small and at? large. 

the ^-summation on the right of (87) being replaced from Table VIII; from 
Table Xlla No. 2, the first double series on the left of (88) is equal to 
— Se ~^'^f 27 nK Therefore 


II iVW^)-^e-”‘'‘\F{wVE-A)/m 




n-approximation: —ad small, a{t — d) large. 




->■ iV‘jr/4) 




- 4 g 2 — 


AAjy/A (90) 


the n-summation on the right of (87) being replaced from Table VIII. From 
Table Xlla No. 2, the second double series on the left of (go) is zero. Hence 

n ^ ■^\Fi2qVA)lq (gi) 

Double approximation:—both ad and a(t—d) small. 




7(wt2-4f/) ( 


7 r/i 6 ). / 0 


dA/VAiE-A) 


V8). f ^ 

o 


dAI\/A (92) 


The second double series on the left of (92) is zero (Table XIIo No. 2); hence 

H Vir^A — ('Jr/S).sin~W'A/E (93) 

Example 20 :— at? = 4 = 0.25, at = R = 0.34. 

Direct summation H — —0.183 2412 (18 terms needed) 

^-approximation =—0.1832413 ( 8 terms needed) 

n-approximation = —0.183 243 ( 6 terms needed) 

Double approximation = —0.1831 (no summation.) 

The approximations are not improved by computing more terms. 


Illustration II: Triple Stunmation 
(a) Origin of the Triple Series 

If in the case dealt with as Illustration 7 , at some moment ti>d 
the Boundary Conditions or one of them were to change again, the Solution 
would contain a triple series. The Boundary Conditions chosen for Illus¬ 
tration II are those of a problem in electrochemical diffusion now being studied 
in this laboratory; they are:— [at t = o] z—zo = o; [at x = o] z—zq — o\ [at 
x-l] dz/dx == Cl for t 2 = f for d <t «i, dz/dx = C2 for t>ti] CiC2 and f 
are constants. 

When t>h the solution is the sum of Solutions Table I No. 3a and Table 
II No. 2 after replacing^ the m. of Table II by r = 2i>—i, ^ by <1, f{t) by 

^ These are the letters used by R. and M.; r = 2p — i and t; = p of Eq. 81. 
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Ct, and FQi) by the expression on the right of (Ssb) in which <i is to be written 
for t and X for x. Performing the integrations and collecting like terms, 
Eq. 94 follows immediately; it is identical with Eq. 72 of the paper by Rose- 
brugh and Miller. 

• Scos mg (1 - a:) .e 


[« ><l] Z — Zo = CiX + 




f-2n 

I 


Cj 




e 


(m2-492) (r2-4g2) 


xos rg{l-'x) 


(94) 


(b) Evaluation of the Triple Series 

The triple series on the right of (94) may be evaluated by direct summation 
if all three quantities at?, a(^i —t?) and are large; as in Illustration Ij 

the order of summation does not affect the result. The seven different ap¬ 
proximations from which a choice is to be made when one or more of the three 
quantities is small are given below, for the special case that x = 1 . The letter 
H is used to indicate the triple series of (94) when a; = Z, omitting the factor 
— i28CiZ/7r^; A is written for at?, B for ati and E for at 
v-approximation:— a{t—ti) small, the other two large. 


yyy -—^-//= / ^J±.dB-^yy- - 

" ^ ^ (m2—492) (r2—492) Jg dB m 2 —492 

-49 ’b/ ll/ 2r \ 


dB (95) 


The sum of the first series on the left of (95) is zero (see Table Xlla, No. 2); 
therefore 

-(Vx/4).SSe-’"’^.e-^«’'®-''\F(29V£-R)/9(m2 - 492) (96) 


n-approximation:— ad small, the other two large. If in (96) r be written 
for m, t^{E—B) for m^A, zqy/A for zqy/E—B, the resulting expression will 
be the j?-approximation to 11 . 

q-approximation:—a(<i—d) small, the other two large. 


+ r- —1 — ~ 7 ~—rlwhen' m4:r 

' (m2—492 r2—492^ 

see Eq. 82 and 83. Introducing the approximations of Table XX Nos. 5 
and I, there results 

//->2e7;|<^-^\{(V^/4m2).(2m2:B=rZ+i).f(mVB=l)+ir2.e-””‘'®“^Vi6m2 

(y/vizm). F(m\/B—A) — i/zr^ + {y/ir/zr). F{ry/B—A)} whenim 4 :r (97) 

Example 21 :—If A =0.50, ^=0,59, j& = i.09, two terms of the single series are needed 
viz. m = I and m~3; their sum is 0.0289211. The sum of two terms of the double series 
(viz. m* I, r =3 and m»3, r »i) is —0.0005958; the symmetry with respect to m and r of 
the last factor of Eq. 97 much facilitates their computation. This gives If *=0.0283253; 
direct summation of the triple series (20 terms) gives 0.0283255. 

^ In the double series of (97) and in the triple series of the preceding equation, terms in 
which m « r are to be omitted. 
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q-v approximation: —and a(<i—t?) small, at? large. 

/axlg'"- - <”> 


Choosing B as upper and A as lower limit of the integration, this gives 

liliL —rj—- LlL -^^ 


SVCE-B) 


~m^A _ 

- .F(mVB—A) + 

^ m 






e —e 




(99) 


From Table Xlla No. 2 and Table VIII, the sum of the first series on the left 
of (99) approximates to (i/y/E—B). fmK Therefore, mul¬ 

tiplying through by dS and integrating between the limits B and E, 


III 




- H 


IT 

8 


^ m I Vfi-B 

•/B 

Vv{E-B) v 
4 


(100) 


The sum of the first series on the left of (loo) is zero (see Table Xlla, No. 2), 
and the integral on the right can be evaluated by.changing the variable of 
integration from B to y = m\/E—B, and replacing F{x) by x(i — 2x^/3 
+ 4a:^/is-h ...), see Table XXV No. 2. Therefore 


tj _^V‘ir{E—B) y>e y>e J 

4 Ls'-^ w* 1 

(i - e-^') + 


(i—e ).sin 


. .tU ,IJ{VP- 


3 ^^ 


( 


W' 

SU{W^- 
islf« 

——s-j] 


(lOl) 


in which V = m\'E—B and W = m-\/E—A. 


Example 22 :—If ^=0.50, B-0.60 and F=o.69, the n, the w-v, the n-q and the 
n-q~v approximations are not appropriate; the value of the series obtained by direct 
summation, and the values given by the other three approximations are as follows:— 


Direct summation 
t^approximation 
g-approximation 
q-v approximation 


H =0.029 1760 
=0.029 1760 
=0.029 1759 
=0.029 1762 


(40 terms needed) 

(10 terms needed) 

(10 terms needed) 

(19 fractions needed) 


From the point of view of labour involved, there is little to choose between the q-v approxi¬ 
mation and direct summation; the other two are much shorter. If however A =0.50, 
B=o. 5I and ^=0.52, direct summation would be extremely laborious, while the q-v ap¬ 
proximation would be much easier to compute than in the example given above. 


n-q approximation:—at? and a(fi —t?) small, a{i—t{) large. If in the ex¬ 
pressions on the right of (loi) r be substituted for m, A for B—B, B—B for 
Af and B for B—A, the resulting expression will be the n-g approximation 
to H. 
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n-v approximation:—at^ and a(t-ti) small, large. 

/ AiTJ \ ^ _ ^-ACf(.B-A) _ 


n-q-v approximation:—all three small. 

dA.dB 


^s/e rA r 

Jb VTiB-AYlE 

^S/i r^E-B 


dB 


__ V n 

-B) 32 Jo Va Jb VE-B 

irVAiE-B) 


sm~‘ VA/{E—y'‘). dy — 

O 

= (ir'’^Vi6). { VE—B. sirr^ VA/B + VA . sm“* V(E—B)/{E—A) 

- VE. <an-i y/A{E-B)/E{B-A )} - tVA{E-B)/8 (103) 


Example 2S :—If >1 =*o.io, B *=0.20 and E =0.30, any of the seven approximations may 
be employed; because of the values of the constants, the n-approximation is identical with 
the ti-approximation. Some of the results are: 


Direct summation 
n- or f^-approximation 
n-v approximation 
n-q-v approximation 


0.033 8027 
0.033 8027 
0.033 8027 
0 033 794 


(57 terms needed) 
(22 terms needed) 
( 5 terms needed) 
(no summation) 


Errors of the seven preceding approximations: — The error of the n- or q- 
or i^-approximation depends primarily on the value of B — A or E—B re¬ 
spectively; an upper limit may be found by means of Rule V; the use of Rule I 
is not so convenient, as in these cases the /(u) of that Rule appears in the form 
of a double series. As an illustration, the absolute error of the t^-approxima- 
tion in Ex. 22 cannot exceed 2 = 2 X 0.029 X = 8 X io“^^ 

An upper limit to the error of the n-v approximation can be found in the same 
way; in Ex. 23 for instance, it cannot exceed = 1.2 X io“^^ 

In the case of the q-v approximation, the error introduced by neglecting 
the i^-Remainder is always numerically smaller than that introduced by 
neglecting the ^'-Remainder and is of the opposite sign. When Rule V is used 
to find an upper limit to the latter, the ‘‘Maximum ExponentiaF^ of the Rule 
involves the sum of R and R —A, i.e. it is a function of E—A. Thus in 
Ex. 22 the error cannot exceed the product of into the expression 

in square brackets on the right of Eq. loi, viz. 6 X 10“^; as shewn in the 
Example, its actual value is 2 X io~^. 

Similarly, in the n-q-v approximation the only error which need be con¬ 
sidered is that introduced by neglecting the g-Remainder. If Rule V be used 
to fix an upper limit to this quantity, the “Maximum ExponentiaP^ is a func¬ 
tion of A-t-R—A-f R—R= E] thus in Ex. 23, the absolute error of the n-q-v 
approximation cannot exceed X {Expression in { } on the 

right of Eq. 103) = S X io~®; the actual error is 9 X io~®. 
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PARTY 

SERIES FOR USE IN EVALUATING CERTAIN FAMILIES 
OF INTEGRALS 

In the preceding sections it has been shewn how the sums of certain 
series may be found by the use of tables of integrals; here it will be shewn 
how integrals of certain families may be evaluated by the use of series' related 
to those of the 0-Family—from Tables III and VUI 

[aH] 0 c = .cos nX = A:[all]Qc — 1/2 + Rem>:[all]Qc (104) 

where : [aZZ]0c = \/7r/2\/T).e“^*^*'^ 

Of the five approximations discussed below, (a) is in effect an approxima¬ 
tion to the integral of {A:Qc).f(X).dXj (b) to the integral of (A:Qc).f{T).( 1 T 
when A" = o, and (c) to the same integral when A" :t=o; while for approx, (d), 
Eq. 104 is divided through by A .Qc and the integral approximated to is 
that of (i/2)./(A^).(i/A:0c).dX; approx.(e) is in effect an extension of ap¬ 
prox, (c). h"or practical reasons series of the type are to be preferred in 
apj)rox.{a), (b) and (r); in (d) series of the [all\ or [even] type must be used. 
All these approximations are based on series of the Oe Group; analogous 
formulas based on series of the 0 ^’ Group are of little practical importance be¬ 
cause of the slow convergence of the Of Remainder (see p. 2824). 

The series employed in approx.(b) and (r) are members of the ^e Group 
of the ^-Family, general expressions for which may be obtained by multi¬ 
plying the corresponding Qe (in which T and A' are to be replaced by au 
and gx respectively, see Tables III and VIII) hy f{u).du and integrating be¬ 
tween the limits o and t. In series of the ^-Family,/(//) is by definition inde¬ 
pendent of t (p, 27Q5); if be written instead of /(a) the series is con¬ 

verted into one of the ^-Family, since 

-“)./(< - u) Au = Ce ./(«) Au 

O 

An example of this conversion is given in the foot-note to p. 2839. If/(w) = i, 
the two series are identical, i.e. ^(i) = 4 >(i); if f{u) = the relation’ is 
All that has been said as to the “Boundaries” (p. 
2821) and the “number of terms of F” (p. 2822) in connection with series 
of the ^E Group is applicable to series of the '^e Group; but the Rules for 
finding upper limits to I{em:^E must be modified as stated in the foot-note to 
p. 2840. The series of approx.{a) are members of the Ae Group in which 
gx = o; the series of approx.{d) are sai generis. 

Sec. 13: Approximations to certain families of integrals 
(a) Approx, to f e^'^\f(x).dx by series involving f cosinx.f{x).dx. 

(Originally proposed^ as a general method by W. Thompson in 1857). 
From Tables III and VIII, choosing [odd] 0 c, 

00 

^ In this Part, as throughout, S stands for S, and m = 2n — i. 

n«i 

®The symbols ^>(i), 4 >(e~^w) etc. are used to indicate series of the 4 *-Family in which 
/(u) = ifhu) * etc. 

^ W. Thomson: Quar. J. Math., 1, 316 (1857). 
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2 e-’"’^.cos mZ = Rem-.[odd\Qc (105) 

Replacing Xliy/T by x, multiplying through by i,\/Tfi(.i{^).dx, integrating 
between the limits o and K, and rearranging, 

e~^\f{x).dx = cos 2mx-\/!r./(a:).(ia: +a Remainder (io6) 

The approximation consists in neglecting the “Remainder^^ on the right of 
(106); in order to facilitate the summation, the largest convenient value of T 
consistent with the accuracy desired should be chosen. 

To find the error introduced by neglecting the “Remainder,” the latter 
may be replaced by its first item, which if the maximum absolute value at¬ 
tained by /(x) in the interval o < x < jfC be represented by M, is less than 

and this again is less than where L 

is written for (tt —2K\/T)/2\/T. This last expression becomes identical 
with the product of MVtt into the “(Riat [even or odd] Ac)/Z” of Table XIX if 
the \/at of that table be replaced by VT and the gx by 2KVT; so that if 
the quotient of the “permissible error” by AfV^r be looked up (interpolated) 
in the top line of Table XIX, the corresponding figure in the second line 
will be the ordinate for E in Fig. 2, i.e. it will fix the position of the Boundary 
BE; the point at which the ray (i.e. line passing through the origin) with 
slope 1/2K cuts^ this Boundary gives the desired maximum value of y/T. 
This relation is expressed analytically (writing E for the ordinate of the poin^ 
E of Fig. 2) by VT = 27 rE/( 7 r+ 4 KE);for instance, if K' = 2 and if 
be considered negligible (whence i?=o.232) the desired value is \/T=^o.2(). 
If the permissible error be lor^My/iry an upper limit to the number of terms 
of the series that must be computed is given by the point on the “odd” scale 
(as printed in F'ig. 2) whose ordinate is that of the intersection of the ray with 
BE (or with the perpendicular PE if it does not cut BE); for other assump¬ 
tions, sec Table XV. AVith K = 0.232, the number of terms increases with 
increase in K from a minimum of 4 terms to 9 terms when X = 3.35 (where 
the ray passes through E) after which it mounts rapidly; if A'= 10, 30 tcrnis 
might have to be evaluated and summed to ensure an accuracy of 

Thomson suggested that this approximation might be used, setting 
/(x) = i, to compute the Probability Integral,^ but approx,(b) is better. An 
approximation to the integrals of e'~^\ 8 in or cos bx.dx may be found by 
setting f{x)=st7i or cos bx; at least four terms of the series are needed to 
ensure an accuracy of io~®. Vtt no matter how small K may be, and the num¬ 
ber increases with increase in K; when A =1.37 seven terms are necessary, 
and for larger values it is easier to evaluate the integral by computing 
H(b/2f k) and K{b/ 2, X) as shewn in the Appendix p. 2869. 

^ If the intersection lies to the right of PE, the ordinate at which the ray cuts PE gives 
the desired values. 

* Thomson {loc. cit. p. 319) estimated that for upper limits below 6.47/2 seven terms at 
most would be needed to give results exact to four decimal places; bv the method explained 
above it can be shewn that with this number of terms the error could not exceed 2 unhs at 
the sixth decimal place. The fifteen-place table of Jas. Burgess [Trans. Roy. Soc. Edm. 
39 , 257 (1896)] was computed by an altogether different method. 
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(b) Approx, to f f(x^).dxhY series involving f e 

(Used in computing F{x) Table XXVIII, see p. 2874). Replacing X by o 
in Eq. 105 and T by ax, multiplying through by 2\^alw.f{x)JXf integrating 
between the limits o and K^y and rearranging 

/(x2).dx==| J" e””*’"‘./(x).dx+a Remainder (107) 

The approximation consists in neglecting the “Remainder^^ of Eq. 107. If 
fix) is of the form (where B may be positive or negative, real imaginary 
or complex) a finite expression may be found in Table Xlla for the sum of the 
series arising from the lower limit of the integral on the right of (107); with 
other forms of fix) the evaluation of this series may be so troublesome as to 
render the approximation undesirable. 

The error introduced by neglecting the ^^Remainder^’ of (107) is for prac¬ 
tical purposes given by the value of its first item viz. 

fe-^^‘^.fix)/Vx.dx < iM/2Va).Gi4aK^) (io8) 

•/ o 

where M is the maximum absolute value attained by fix) in the interval 
o < x< K^. Thus for given values of M and Ky and any assumed value of a, 
an upper limit to the absolute error of the approximation can be found from 
Table XXVII; the largest convenient value of a consistent with the accuracy 
desired should be employed, as the number of terms of the series arising from 
the upper limit of the integral (in Eq. 107) that must be summed decreases 
with increase in Ky/a- If a be so chosen that the permissible error is 
2 X io~^.My/a/ir or 2 X io“*.M\/a/7r, an upper limit to this number may 
be found from Table XV by writing Ky/a in place of y/at and entering on 
the line [odd]. A great advantage that this approximation enjoys over all 
the others is, that the number of terms to be summed increases very slowly 
with increase in K\ the reason is, that a slight lowering of the point E (Fig. 2) 
corresponds to a great increase in accuracy but only to a slight increase in the 
number of terms to be summed. For example, if io~®.M be considered negli¬ 
gible, four terms of the Evanescent Series will be sufficient when i, and 
five at most when 10; if a = 0.2 be chosen in the first case and a = 0.0016 
in the second. 

(c) Approx, to f e’'^"^''\fix^).dxhy series involving f 

(Used in computing G(x), Table XXVII; see also p. 2869). Replacing X 
by 2 by/a and T by ax in Eq. 105, multiplying through by 2y/'afK.fix).dx 
integrating between the limits o and K}y and rearranging 

J e”’*'*/*V(x 2 ).dx = 2^^-J^co8 2mby/a-J "+ a Remainder 


The approximation consists in neglecting the “Remainder^^ of (109); the 
series may be summed by the methods of approx.ii Hi or iv (p. 2825) depend- 
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ing on the value of jr/26; all are available if f(x) is a member of Class A or 
B as defined in Table X, and all but approx.iv if it belongs to Class C. 

When/(a:) = integrals of the type here considered cannot be evaluated 
by means of approx.(b), as the fix) of that approximation would be “***/* 
and the integrals required are untabulated. In this case, according as the 
series is to be evaluated by the method of approx, ii Hi or iv, approx.ic) 
gives Eqs. no, iii and 112 respectively as expressions for the integral. 

,.i_{ yCiir -4l> Va)/V4« 1 




COS (Ty/C/^a) 

cos 27Tlh'^Q, — 
m^a—C 


(no) 


In Eq. 110 (to be used when 6 E/'jr <k/ 26 < »), \/a is to be given the largest 
convenient value not exceeding 27 r£/( 7 rX+ 4 &£') where E is the ordinate as¬ 
signed to the point E in Fig. 2. If £ = 0.227, from 4 to 6 terms of the Evan¬ 
escent Series are needed to give the value of the integral with an error not 
exceeding 2 X 


® — (y/w/i6C)*cosec 2 b\/C + {y/T/SbC).e^^ (m) 

In Eq. Ill (to be used when 4E/w<K/2b<6E/Tr)f if £ = 0.227 three or four 
terms of the Evanescent Series must be computed to evaluate the integral 
with an error not exceeding io^,MK^,y/Tr/2b, 

- (VV7^).ton VW 

+ WT/2bU^^\ C) (112) 

In Eq. II2 (to be used when 2Ef7r<Kl2b<4ElTr), if £ = 0.227 from two to 
four terms of the Evanescent Series must be computed to evaluate the in¬ 


tegral with an error not exceeding io~^.MKKy/ir/ 26. 

Eqs. 110-112 were obtained from Eqs. 50, 52 and 54 respectively; the value 
£ = 0.227 is that of Fig. 2 as printed. Eq. 110 may be used for 2 E/tt <K/2b<<^ 
without exceeding the error stated above, nine terms being required when 
X/26 = 2E/w = 0.145; Eq. Ill may be used for 2Elir <Kl2b <6ElTr with 
a maximum of nine terms; Eq. 112 on the other hand is valid only within 
the range stated after that equation. Thus no matter what the values of 
K and b may be, not more than nine terms of the Evanescent Series need be 
computed (six if the best formula be used) in order to ensure the postulated 
accuracy; values of £ for other degrees of accuracy can be found from Table 
XIV. Eq. 112 cannot be used when C is complex; all the others are valid 
whether C be positive or negative, real imaginary or complex. If C = o and 
6 = 7r the integral is (i/2).G(X^), while if C=i the integral is Jf(X, 6/£), 
see Table XXII, No. i. 


' If the approximation be based on [^en]Oc instead of on [odd]0c, the terms on the right 
of (112) must be modified as follows:—Change the signs of the first and third terms, replace 
tan by cot in the second term and m by 2n in the third, and add a fourth tom viz. v/ 
46C. The equation so modified is referred to on p. 2861 and p. 2877 as Eq. 1120. 
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The expression given after each equation for the upper limit to the error 
is deduced from Rule I, p. 2840; M stands for the maximum absolute value 
when X lies between o and When C is a positive constant M — 
and if CK^ is large, Rule I much overestimates the possible error; in such a 
case Rule V (p. 2843) is more useful, it shews that for all three equations, no 
matter what the value of CK!^ may be or the form of f{x) (so long as it retains 
its sign in the interval o <x<K'') the error cannot exceed one fifty-thousandth 
of the value of the integral if E = 0.227, while if the value E = 0.18 be 
chosen (which involves the computation of at most two additional terms of 
the Evanescent Series) the error cannot exceed one millionth part of the value 
of the integral. For an example of this application of Rule V to a special 
case, see p. 2869. 

(d) Approx, to J'e^\f{x).dx by series involving J^cosh nx.f{x).dx 

(Used by H. G. Dawson^ in 1808 to compute the integral of e^\dx). From 
the expression for \all]Qc in the second line of Table VIII, replacing by 
2Xy/T, multiplying through by 2e^\f(x).dXy integrating between the limits 
o and Kj and rearranging: 



f{x).dx — 2 





K _ 

cosh {2nTx/\/T)X 


K , _ 

e''\cos 2 nxy/T 4 {x).dx (113) 


The approximation consists in neglecting the series in the second line of (i 13); 
in order to facilitate the summation of the series in the first line, the smallest 
convenient value of T consistent with the accuracy desired should be chosen. 
To find an approximate upper limit to the absolute error, the series neglected 
may be replaced by its first term, the cosine by unity, and/(x) by M viz. the 
greatest absolute value attained by/(x) while x increases from o to X; this 
gives 2Mx^^~'^ ,F (x). An upper limit to the number of terms of the series 
in the first line of (113) that must be computed, is the n found from 


after giving T the smallest value that will make the expression on the left of 
(114) negligible in view of the accuracy desired. This approximation re¬ 
sembles approx.(o) in that the number of terms that must be computed in¬ 
creases very rapidly with increase in the value of K, 

Setting/(x) = i, the integral becomes that of e*“.dx, and for K — 2 the 
value T=2o ensures accuracy in the sixth decimal place (i.e. eight significant 
figures) when nine terms are computed; Dawson used T = which (for 
K — 2) required 13 terms to attain the same accuracy. By the use of approx, 
(b) nine-figure values of this integral, no matter what the value of K may be, 
can be secured without computing more than seven terms of the Evanescent 
series of Eq. 134, see p. 2874. 


^ H. G. Dawson; Proc. London Math. Soc., 29, 519 (1898). 
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By setting/(a;) = sin or cos bx, an approximation to the integral of e^\sin 
or cos bx,dx. may be found; the number of terms required to hold the error 
below io^^.e^\F{K) increases with increase in K from three when K is very 
small to five whenf^ =o.q and seven when for larger values of Ky 

it is easier to evaluate these integrals by computing H{K,b/2) and K(K^b/2) 
as shewn in the Appendix. 

(e) Use of the approzimatiohs in the construction of a Table 

In discussing the foregoing approximations it has been tacitly assumed 
that the object of the computer is to find the numerical value of some single 
integral whose limits etc. have been specified; this is not quite the point of 
view when a Table of the integral in question is being constructed. In the 
latter case an endeavour would no doubt be made to proceed by means of 
Taylor’s Series, or the methods of tabular integration, and the approximations 
would be employed only to furnish the relatively small number of accurate 
values needed to prevent accumulation of errors; thus it might be well worth 
while to secure additional accurate values by recombining the terms of 
Evanescent Series already computed even although the limits etc. of these 
new integrals can not be arbitrarily selected but are fixed by the procedure 
used in evaluating them. 

The absolute values of the individual terms of the Evanescent Series of 
Eq. 112a would be identical with those of the corresponding series of Eq. iii 
if in the latter 6^ were replaced by 6-/4 while C and had the same values in 
both; thus the Evanescent terms which had already been used to evaluate 
the integral of by (112a) could be used over again to evaluate 

the integral of by (iii). For examples, see p. 2870 and 

p. 2877. No such device is available with approx,{(i) or approx, (d); and if it 
be adapted to approx.(b) the second integral will be of a different form from 
the first. 

If approx.{c) is being used in the construction of a Table, there is another 
way by which labour already expended can be utilized again. Like all the 
others of this Part, this approximation is based on the neglect of a Remainder; 
and the range over which each of its three subdivisions is valid, has been fixed 
by the assumption that the absolute value of the appropriate Remainder is 
unknown (but that it lies below some predetermined limit). The first item 
of the Remainder of (no), however, viz. 2'\/a/Tr.R\Q,\[odd]^c^ is numerically 
equal to the integral itself for the same values of C and K but another value of 
b; so that if the portion of the Table already constructed includes the value 
of the integral for this value of b, an approximation may be employed which 
neglects only R\h and subsequent terms of the Remainder of (no) and re¬ 
quires the computation of fewer terms of the Evanescent Series than does 
the approximation of (no). This modification corresponds to choosing an 
auxiliary series (see approx, m, p. 2826) on BG of Fig. 2 instead of on BE. 
Examples of the use of this method and of corresponding methods based on 
(in) and (i 12) are given on p. 2870 and p. 2877; no similar device is available 
in the case of approx.{a) and approx.{d)\ in the case of approx.{b) the in¬ 
formation needed cannot be secured from the table under construction. 
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APPENDIX 

ON THE INTEGRAL / e^\dz AND RELATED INTEGRALS 

The group of integrals here to be considered includes the Probability 
Integral, the Fresnel Integrals, the Integral of e^\dx and others illustrated 
in Table XXI and Eqs. 128 and i2q; it will be shewn that all can be ex¬ 
pressed in terms of two functions to which the symbols U and V are given, 
and that all could be evaluated by means of two double-entry tables. As 
the tables in question have not been constructed, methods are described for 
evaluating the integrals in the absence of such tables. The practical advan¬ 
tages possessed by one particular pair of tables (viz. H and K) in comparison 
with any other pair are then established, and are illustrated by the construc¬ 
tion of Tables from which four-place values of the two Fresnel Integrals can 
be obtained for any value of the argument between o and cx> without recourse 
to graphical interpolation. 

Sec. 14: The functions U and V 


If z = x -f iy (where x and y are real and i = V— i), then 



i 

^7»4-iv 

e‘\dz = U{p,q) + i.V{p,q) 


(116) 

where 

U{p,q) = 

/ e^"^^\cos 2xy.dx — / 

2xy.dy 

(117) 

and 

V{p,q) = 

f 2xy.dx + / e^''“^\cos 

2xy.dy 

(118) 


^ Jo 


Since the integral on the left of (i 16) is a single-valued function of p and q, 
its real part viz. U (p,q) and its imaginary part viz. i V{p^q) must each of 
them be single-valued functions of p and q. This conclusion, on which all 
the subsequent argument depends, may be verified by differentiating^ the 
expressions on the right of (i 17) and (i 18),since the expressions for d'^U/dp.dq 
and for d'^V/dp.dq will be found to be independent of the order of differentia¬ 
tion. The only reason for introducing the complex quantity (ti6) is that it 
gives rise to functions of the real variables p and q^ viz. U(p^q) and V'ipyq) 
which possess this property. 

Without assuming some relation between x and y, neither of the integrals 
on the right of (117) can be evaluated; any assumption may be made that 
permits x during the integration to assume all values between o and p, and 
y all values between o and it is obvious that the value of each integral taken 
by itself will depend on the assumption made, but since for given p and q 
U{p,q) has but one value, the difference between the values of the two in¬ 
tegrals must be the same no matter what the assumption may be. If, for 
instance, it be assumed that y — o while x increases from o to py and that 
then y increases from o to 5 while x retains the constant value p, 

^ . CO8 2pq; d'^U(p^q)/dp,dq = — 2 .eP*“«® (g.cos 2 pq p.sin 2 pq). 
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= / ^-dx — e^. I e ^.sin 2jyy.dy 
Jo Jo 

V(p,q) = ^e~'‘'.cos 2py.dy 


3863 

(119) 

(120) 


while if it be assumed that x—o while y increases from o to q, and that then x 
increases from o to p while «/=?, 

U(p,q) = 2qx.dx (121) 

^(P)Q) — I e~^.dy + e~^\ f .sin 2qx.dx (122) 

Jo Jo 



Fig. 3 

Paths of Integration :—The numbers 5, 6 etc. are those of Tab. XXI; numbers in brack¬ 
ets are equation numbers. The letters are those of the text p. 2862-2868 except riCands/C 
which are those of Tab. XXI No. 9. 

and the conclusion to be drawn from the preceding argument is that the ex¬ 
pression on the right of (i 19) maybe equated to that on the right of (121), and 
that the right of (120) may be equated to the right of (122). 

If the successive values assumed by x and y during the integrations be 
represented by points on Fig. 3, the first assumption corresponds to the line 
Op A and the second to OqA; these lines are often spoken of as “paths of in¬ 
tegration/^ and the statement that U{p^q) is “independent of the path^’ 
is only another way of saying that for any given p and g, U{p,q) has but one 
value. 

By integrating along different paths the differences (or sums) of a large 
number of integrals may be expressed in terms of U and F; for any line on 
Fig. 3 defines some relation between x and and the algebraic sum of the 
integrals defined by this relation gives the difference between the values of 
U (or of V, as the case may be), at the points denoted by the extremities of 
the line. In general, if the relation be y == /(a?). 
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^{ 2 X,f x).dx — ^ (2X.f x).fx.dx 

= U(j),fp) - U (a, fa) (123) 

f (2X.f x).dx + J (2x.f x).f'x.dx 

Jo. 


= V{p,fp) - V(a,fa) (124) 


Eqs. 123 and 124 contain between them four integrals; there are two forms 
of f{x) for which it is possible to eliminate^ two of these integrals and combine 
the other two, these are:— 

I. The first form for which elimination is possible is xfi{x) = ¥; for this form 
f(x) = —¥fx^ and the trigonometric factor of the integrand is either sin 2?/- or 
cos 262 i.e. is independent of x. The path of integration in this case is a rec¬ 
tangular hyperbola cutting the diagonal OB of Fig. 3 at the point x = y = b 
Elimination gives 

^^*^^\dx = {U(p, W/p) - U{a, by a)],cos 2¥ 

+ {^{Py ““ ^b’^/a)\,sin 2¥ (125) 



/ 




—.e 
x^ 


jlx 


[U{p, ¥/p) — U{a, ¥/a)],sin 2IP 

— {K(p, b^/p) — V (a, &“/a)} xos 2IP 


(126) 


2. The second form for which elimination is possible is f{x) = / 3 x + 7; 
this form corresponds to any straight line on Fig. 3. Here f{x) == /?, and 
elimination gives 


(i + ^^),e ^^^xos (2/3x2+ 27 x).dx 

= U{p, pp+y) - U{a, 0 a+y) + / 3 .K(p, Pp+y) - ^,V(a,l 3 a+y) 


(127) 


and a similar equation for the integral containing sin instead of co.s‘ in its 
integrand. In these integrals the coefficients of x^ and x in the sine or cosine 
depend on those in the exponent; expressions in terms of U and for 
analogous integrals where all four coefficients are independent of one another 
and of the limits of integration may be found by substituting cox+a for x and 
eliminating by means of the trigonometric formulas for the sines and cosines of 
sums. These expressions are 


/ 

i: 


Tx-+2 Wx) Ax = 


Rx'^ + 2Sx 


sin (2 rx2+ 2 Wx) Ax - 


{cm M — P.sin M)AU + {fixos M+sinM)AV 
Denominator (128) 

(cos M — p.sinM)AV-- {fixos M + sin M) AU 


Denominator 

where to save printing the following abbreviations are used: 


(129) 


^ In general, of course, this is not possible; for instance no elimination is possible if 
a;2 ~ 52^ path corresponding to which is a rectangular hyperbola asymptotic to 
OB of Fig. 3. 
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= u (p, ^p+7) — u (a, Pa+y); AV = V (p, 0 p+y) — V {a, 0 a+y) 

P== (p—a)/co;P = — = (i—^-)au)— 0 yu);T = fia>^;W = (2ai8+7)w; 

Af = 2a(ai8+7); Denominator = 

By giving special values to a ^3 7 and w, the relatively simple forms of 
Table XXI may be obtained. On the other hand, if an integral of the 
most general form of Eqs. 128 and 129 be presented for evaluation, the 
numerical values of p, a, / 3 , 7, and cu needed on the right of Eqs. 128 and 129 
can be found from the numerical values of P, P, S, T and W in the given 
integral by means of the following equations^ 

2co2 = VPHP^2 4. R 2T.0 = VR^+^T^ - R 

(jS^ + i)co.a = + S C0.7 = W — 2a^cjt) p = coP + ce (^3o) 


Table XXI : The functions U and V 
I. U(p,(j) = - Ui-p,q) = - U{-p, -q) = U(p,-q) 
2 - y(7h^) = ^i-p,q) = = - ^(p,-q) 

3. U{o,o) = V(o,o) = U{o,q) = V{p,o) = o 


4. t/(p,o) = f f'.dx] U{p,<x>) = o;V{o,q) = f e F(p,cc) = y/Tr/2 

•«' o o 

5. e^‘.cotS iBx.dx == U(K,n) 


6 . 


7 * 


8 . 

9 - 


10. 


II. 


12. 


/ K rti 

r''^\sin 2Bx.dx = c^^\V{k,h') — / €'~^\dx 

^ u 

/ e'~^\cofi 2Bx.dx = e~^\V^{B,K) 

f e~^\sin 2Bx,dx = eKda; — 

f e^\coH 2BxKdx — {rXJ{rK,^K) + }/\/ 4 P “+1 

^ o 

where 2r“ = V4/^'+i + and 2S- = v'4J^'+i — i- 

2y/B. f COfI 2Bx-.dx — U{Ky/B.Ky/^) + V{K-syB,K^/ b) 

•Jo 

2\/B-J"sin 2BxKdx = V{K\/b,K\/b) — U(Ky/B,K\/B) 


A: [odd or even] <I>c (f.u = e"^^^,sin or cos b'hi+a) when gx = o can be 
reduced to the algebraic sum of the two integrals of Eqs^i28 and 
129, each multiplied by a factor; in both of them P = \/ty R—Cy 
S=:B/=:o, r = 6V2. The Remainder integrals cannot be so re¬ 
duced. See also Tab. XXII Nos. 5 and 6. 


^ Valid except when IB * T «o, which gives w*0, so that a and y are indeterminate. 



2866 


W. LASH MILLER AND A. H. GORDON 


Table XXI: The functions U and V (Continued) 

13. A: \odd or even\S.c {F.\ = or cos e\^+h\) can be similarly re¬ 
duced; here P = l, R — h — 2S = c-\-x/2Kt, 2T—e, 2W=h; 

the Remainder integrals can be handled similarly, using the 
substitutions of Tab. XXII No. 6. 



Fig. 4 

Unsuitability of U {p,q) and V (p,q) for purposes of tabulation 

If at the point \x — p,y=q\ of Fig. 3, a line were erected perpendicular to 
the {x,y) plane and of length proportional to U{p,q), and similarly at all 
other points of the figure, the summits of all these lines would lie in the 
£/-surface; the I^-surface, the (U+V) surface, etc. might be constructed 
similarly. Fig. 4 shews a portion of the {U+V) surface, viz. that for values 
of p and q within the dotted lines of Fig. 5; this surface was chosen for illus¬ 
tration rather than the t/-surface or the F-surface because U{p,q) + F(p,g) 
along the line of intersection of the surface with the plane x = y (see OB 
of Fig. 4) is equal to ij^cos 2x^.dx, one of the Fresnel Integrals. As is ap¬ 
parent in Fig. 4 the (L/ -f- F) surface is characterized by rapid changes of 
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level; for small g's, and p’s larger than those included in the figure, these 
changes soon became too great for graphical representation; but the differ¬ 
ential equation for the contour lines viz. dg/dp = — sec, 4pq ~ tan 4pq (from 
d,U{p,q) + d,V{p,q) = o) gives some idea of the form of the surface. 
The t 7 -surface, the K-surface and the (t/—K) surface have the same moun¬ 
tainous character; so that double-entry tables of any of these functions, which 
obviously describe the corresponding surface in detail, would have to contain 
a tremendous number of entries if interpolation were to be possible. 

The line of intersection of the £/-surface (or the K-surface) with any 
plane perpendicular to the (x^y) plane, will in general cut through hills and 
valleys; the elevations along this line give the values of the integral whose 
path of integration is a straight line on the (x,p) plane, viz. the projection of 
the intersection; such integrals are therefore in general unsuitable for tabula¬ 
tion, and so are the integrals of Eqs. 128 and 129 (e.g. Nos. 6-13 of Table 
XXI) which are linear functions of the others. The Fresnel Integrals are the 
only members of this group for which tables have been constructed, and 
except the Brit. Ass. Table^ of 1926 which contains 200 entries for the first 
three cycles, none of them can be interpolated without the use of a graph 
(Cornu’s Spiral). 

On the other hand, if the projection of the intersection be an hyperbola for 
which xy = constanty the line of intersection (e.g. Fig. 4, 2pq — Trl2 and 2pg = 
37r/2) will lie in the general direction of the ridges and valleys; and the cor¬ 
responding integrals viz. H(p,g) and J^{p,q) will be free from the property 
that makes tabulation of U {p,q) and V (p^q) impracticable. 

Sec. 15 : The functions H(p,q) and K(p,q) 

The first of the two expressions for H{p,q) or K{p,q) given in Table 
XXII corresponds to a double-entry table in which pq is constant for each 
column and p for each line; the values of both functions are positive through¬ 
out, both increase down the columns and H(p,g) decreases to the right along 
the lines. Consideration of the second derivatives* (see Table XXII) shews 
that H{p,q) can have no point of inflexion within a column, none in the lines 
for which p<o.92, and one in every line for which p>o.92; while K(p,g) 
must have a maximum in every line for which p>o.92, and one point of 
inflexion in every line for which pq = pVi—p^^ none in the others. The 
second expressions given in Table XXII for the functions correspond to tables 
in which pq is constant for each column, and p/q for each line; thus in both 

^ That is, except when p = o or 9 « o. 

* Brit. Ass. Report, 1926 , pg. 273. 

* For instance, the second derivative of H wdth respect to q while p remains constant 
is proportional to 2pH — E (Table XXII), and the point to be settled is whether this 
quantity will pass through zero while p remains constant and q increases. If p = 0.92 and 

S * o, £ * 2pH (Tab. XXV No. 9); as 9 increases both E and H decrease, but the percentage 
ecrease in H is greater than in £ as is obvious from the form of the integral in the first 
expression for H in Table XXII. Therefore for all values of o > o, while p * 0.92, £ > 
and in general there cannot be more than one value of q for each p at which £ = 2pH, 
Since £ — 2pH has the same sign at o * o, and at 9 ** p when p < 0.92, there can be no 
point of inflexion for this value of p: above p » 0.92 the signs are different, therefore there 
must be one point of inflexion and it nas just been shewn that there cannot be more than one. 
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Table XXII: The functions H and X 

1. H{p,q) = = Vpg. 

Jo Jo 

= U{p,q).cos 2pq + V{p,q).sin 2pq — {s/- k/ 2).sin 2pq 

2. K(p,q) = pq. f {i/x^).d^^~^^^^^\dx = Vpq- f (i/x^).d‘'‘^''^~''^.dx 

Jo Jo 

= U{p,q).Hin 2])q — V(p,q),cos 2pq + {\/Tr/2).cos 2pq 
where the upper limit* stands for \/plq> 

3. li{o,q) = K(o,g) = o; H(p,o) = e^’.dx; K(p,o) = Vt/2. 

4. H{K, ByK) = j 

= cos 2B\U{K, ByK) + sin 2B\ V{K, ByK) - (v'^/2).SHt 2B- 

5. A:\odd or even] (Jai = = (\/Tr/4¥a).e~^'^ times the right of 

No. 4 where K = b\/T and 2B- = hgx/y/a, 

6. 7 ?„a may be substituted for A in No. 5 if gx be replaced by mr—gx; 

Rnb may be substituted for A in No. 5 if gx be replaced by rnr+gx. 

7. Derivatives:— Here E is written for H for H(p.q) and K for 

The quantity kept constant during the differentiation is 
printed as a subscript. 

(dH/dp)q = £ ~ 2qK] (dH/dq)p = ~ 2pK; {dH/dp)p^ == E 
(dK/dp)q = 2qH; (dK/dq)p = 2 pH — E; {dK/dp)p^ = qE/p 
{d-H/dq-)p == — 2p{2pH — £); {d^K/dq~)p = 2qE — ^p-K 

{d'^H/dp-)p^ = 2(p2+(/2)£/p; {d'^K/dp‘^)pg = 2 q{p^+f-i)E/p'^ 

pairs of tables the columns correspond to the hyperbolas of Fig. 5, in the 
first pair the lines correspond to perpendiculars in the figure and in the second 
to rays from the origin. 

But although by tabulating H and K instead of U and V, the violent 
oscillations characteristic of the latter would be avoided, nevertheless the 
rapid increase in H{p,q) and K{pjq) with increase in p would introduce 
another difficulty for the interpolator; for instance in the column pq = 47r 
the value of H{p,q) would be 0.0691 for p = g = 3.55 and 1.23 X 10^ for 
p = 5.oi. The best way to overcome this difficulty would be to tabulate the 
products of H(p,q) and K{p,q) into instead of the functions themselves, 
at all events for p >g; in such a table the entries 0.0691 for p = 3.55 and 0.0800 
for p = 5.01 would replace those given above. This device may be illustrated 
by the case of F{x), Tab. XXVIII; of course to find the values of the in¬ 
tegral of e^\dx from the F{x) table, must be found by interpolation of a 
table of exponentials^ but by means of the multiplication theorem for ex¬ 
ponentials interpolation in the latter table can be effected as closely as de- 

1 J. W. L. Glaisher: [Camb. Phil. Soc. Trans., 13 , 243 (1883)] nine figures from x — o 
to « 500; G. F. Becker and C. E. van Orstrand: [Hypewolic FunctionSt Smithsonian Inst. 

(1909)1 seven to nine figures from a; = o to x « 100; F. W. Newman, see p. 2874 f. note. 
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sired. Similarly, by using tables of H and K to find^ values of U and V, 
the difficulty of interpolating the latter functions would be avoided; as there 
are addition theorems for sines and cosines and excellent tables^ of those 
functions. 

Methods of evaluating H(pjq) and K(p,q) and for delimiting the values 
of p and q for which each method is available will now be explained; these are 
based on approx .{c) p. 2858, and approx.(b) p. 2858; the use of approx, (a) and 
approx.{d) is in general not advisable, although for very small values of p 
the latter might prove useful (see p. 2861 and Table XXI Nos. 6 and 7). 
By means of the relations given in Table XXII, any one of the four methods 
(viz. one based on approx.b and three on approx. c) can also be used to evaluate 
U(pjq) and Vip^q) and the integrals of Table XXII and Eqs. 128 and 129. 
The semi-convergent series obtained in the usual way by * 4 ntegration-by- 
parts” are too clumsy for practical use, except in the special cases that p = o 
(Probability Integral), p — q (Fresnel Integrals, see Table XXIII) or 9 = 0 
(the Integral of c'^'.dXy see Table XXV). 

Evaluation of H(p,q) and K(p,q) by means of approx, (c) and (e) 

To use approx. {c)j K must be replaced by p, C by i, and b^ by p^q^ in 
Fqs. 110-112; the left hand member of each of these equations then becomes 
H{p,q). If both sides of these equations be differentiated with respect to b 
as sole variable before the summations are made, the left hand member be¬ 
comes twice K{pjq); as the differentiation leaves all the exponentials un¬ 
changed, the statements as to relative error and maximum number of terms 
made below hold for K(p,q) as well as for H(p^q). Lower Boundaries for 
ICqs. Ill and 112 are found by Rule V, p. 2843, assuming that the error must 
not exceed one three-millionth part of the quantity to be computed, and are 
entered in Fig. 5. 

Upper Boundary :—The hyperbola —P“=i5 of Fig. 5 runs through 
values of p and q for which “''' = 0.3 X io“^. Since for q^ p, both H{pjq) 
and K{p,q) are less than this line constitutes a safe Boundary above 

which the value's of both functions will be negligible if 0.3 X 10“^* is the 
accuracy postulated in fixing the other Boundaries of the figure. 

Boundaries for (112):—In this equation, H{pjq) is regarded as y/’wl^pq 
times Ri:[odd]^c where gx=^o, t^p"^ and a^Tr"/4p^q-; Eq. 74 fixes {R^'Bc)/ 
{Ri\Qc) as an upper limit to the relative error. Introducing the values of 
the constants, and noting that 6“^^ = 0.3 X io~®, this gives i.e. 

9 = 2.24 as the lowest value of q with which Eq. 112 can be relied upon to give 

the accuracy postulated. With this value of q only two terms of the Evanes¬ 
cent Series need be computed; with larger values of q the accuracy increases 
but so does the number of terms; when 9 = 4.5, five terms may be needed, and 
for 9>4.5 the approximations of (131) and (132) are preferable. 

1 From Table XXII Nos. i and 2, 

U(p, q) = cos 2 pq. H{p, q) -f- sin 2pq. K{p, q). 

V{p, q) = sin 2 pq. H(p, q) - cos 2 pq. K{p, q) -f- x^Tr/ 2 . 

* The most complete are the fifteen-figure tables at intervals of 10 sec. by H. Andoyer; 
^Nouvelles tables trigonom6triques/^ 3 vois., (1916). 
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Boundaries for (iii):—Here H(p,g) is regarded as \/7r/2pg times A\ 
[even]^c where gfx^Tr/^, t = and a = 7 rVi 6 pVj 74 gives = 

i.e. ^==1.37, as the lowest value permissible. Three terms are needed when 
(7=1.37 and five when 9 = 2.24; for ^>2.24 the approximation of Eq. 112 is 
preferable. 

Boundaries for (no):— Here H{pyq) is regarded as 2\/a/7r times 
A :[odd]^c where gx= 2 pq\/af and t = p\ To keep down the number of terms 
of the Evanescent Series that must be computed, a should be given the 
largest convenient value consistent with the accuracy desired. Eq. 74 gives 
^- 7 rV 47 >'« whence pVa = Tr{Vq '+15 — q)/3o is the largest ad¬ 

missible value of p\/a. With this value, five terms are needed if 9 = 0, and 
seven if 9= 1.37; if 9 >1.37 the approximation of (iii) is preferable. 



0 Z 4 6 

Fig. 5 


Extension of the Boundaries (see approx,e, p. 2861);— The Kemainder 

neglected in (112) is W^/ 2 pq),{-R2:[odd]^c + IU\[odd]^c -h . . .), and 

the quantity computed viz. -H(p,9), is {y/T/2pq),R^\[oddYifc, in all of which 
9x = o, ^ = p^ a^T^jJ^p^q^ and/(u) = e“. But since, by Tab. VIII, R2:[odd]^c 
would be equal to {i/2).Ri:[odd]^c if in the latter 9 were replaced by 2 q, 
the first item of the Remainder neglected in (112) is nothing but H{p^ 2 q), 
If a table were being constructed, and H{p, 2 q) had already been computed, 
its value might be added to the approximate value of H{p^q) given by (112), 
thus reducing the error to that involved in the neglect of {y/^/2pq),{R2,: 

[oddyifc — RA\[odd\^c H-. . .). For practical purposes this last expression 

may be replaced by its first term, which is nothing but H{p, 3 q), and by Rule 
V this cannot exceed one three-millionth part of ii{p^q) if 9^ 1.37. Thus if a 
table of H(p^q) were being constructed beginning with high values of 9, 
the entries already computed might be used to correct the erroneous values 
given by Eq. 112 when 9 <2.24, so that this eqation might be utilized for 
values of 9 as low as 9= 1.37. Thus the use of (iii) might be dispensed with 
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altogether, and the computation of five, four or three terms of the Evanescent 
of (ill) might be replaced by that of two or one terms of the Evanescent 
of (112). 

The Boundary of (iii) can be extended in a similar manner from ^=1.37 
to ^ = 0.80; in this case the saving may be considerable, since one to three 
terms of the Evanescent of (iii) take the place of five to seven terms of the 
Evanescent of (no). The procedure consists in subtracting H{py^q) from 
the value of H{p,q) given by (in). 

The corresponding correction to (no) replaces the Evanescent Series of 
which five to seven terms must be computed by one of which three to five 
terms suffice. This it does by assigning to \/a a value fixed by pVa = 
^(Vg^+15 + ?)/3o instead of the value stated to be permissible under 
‘‘Boundaries for (no),” and then correcting the erroneous value so obtained 
for H{p,q) by adding H(p, Tr — 2pq\/al2p) to it. 

Evaluation of H(p,q) and K(p,q) by means of approx, (b) 

To use approx.{b)j the K of Eq. 107 must be replaced by p; if then the 
f(x^) be replaced by 2rjx^ — rj.sin 277x2) where rj — qlpj the left 

hand member becomes U{p^q)\ while if the f{x-) be replaced by 
{rj.cos 277x2 + sin 277x2), it becomes V{p,q), 

Boundaries^ for (131) amt (132):—If the value allotted to the constant 
a be such that p\/a-0,4$^ Rule I shews2 that the error of the approximation 
cannot exceed TO"®.(/;^+/;2).e^''"^\ and Fig. 2 that not more than four terms of 
the Evanescent Series need be computed no matter what the values of p and q 
may be. A small decrease in the value allotted to a, which involves the com¬ 
putation of an extra term or two, greatly increases the accuracy (see Table 
XIV); for instance, if py/a — o.^o the possible error is one hundredth of that 
when p\/a = o.45, and six terms will do. 

The expression for the Stationary Series, however, is so complicated 
that in practice the use of approx.Q)) is to be recommended only for values 
of p and q such that both the cosh and sinh of qTrl2p\/a or wf2\/a (which¬ 
ever is the smaller) may be replaced by the exponential; the error introduced 
by this replacement will not exceed one three-millionth part of the cosh or 
sinh if p\/a = 0.45 and both p and q are greater than 2.15. The line o'= 2.15 
and the line p = 2.i5 thus constitute a Boundary below and to the left of 
which the simplified form of approx.{b) is excluded if the postulated ac¬ 
curacy is to be attained; in practice, however, the Upper Boundary and the 
line (? = 4.s may be taken, since it is at least as easy to compute five terms of 
the Evanescent of (112) as four terms of the Evanescent here considered. 

Assuming that p and q are large enough to permit the substitution of 
exponentials for the hyperbolic sines and cosines (see above), the approxima¬ 
tions to H(pyq) and jK(p,q) which arise from approx.{b) are as given in 
(131) and (132). These equations were obtained as explained above from 

‘ For upper Boundary see p. 2869. 

* Rule V is inapplicable, since/(w) changes sign during the integration. 
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(107) by using the last column of Table Xlla Nos. 5 and 6, and the relations 
between i 7 , K, H and K given in Table XXII; the maximum error 
cannot exceed that given for U{p,q) and V(pjq) under ^^Boundaries for 


(131) and (132).'' 


^ {mhi + - i)' + 

^ (mhi + qyi)^ - ly + 4r/p^ 


(T3I) 

(132) 


Sec. 16 : Three special cases 
(a) The Fresnel Integrals' 

In a table of C(j:) or S(.r) proceeding by equal increments of x, inter¬ 
polation is (juite impossible after the first few entries, for as one goes down the 
table the maxima and minima succeed each other with increasing frequency; 
in Ignatowski's Table, for example, the last two emtries viz. C(8.4) = 0.4700 
and C(8.5) = 0.5142 correspond to angles 152 degrees apart, and give no 
hint that C(8.426) = 0.4621. In tables proceeding by equal increments of 
the angle, i.e. of 'kx^I2^ the maxima and minima are eipiidistanl throughout; 
and if the tabular difference is small enough interpolation is possible, as in the 
B.A. six-figure Table which contains 200 entries for the first three cycles. 


Table XXIII: The Fresnel Integrals 


C(,) . jy - i + 


K+H 

\/ TT 


•tS‘?n 


TTX- 

2 


S(a-) = j .sin \'Kij-.dy = | - 

o 


K-H . 

-=r —am — 

•v/tT 2 


K+H 7 r.r^ 

- — COH - 

Vtt 2 


K — H 

- y=r-.COS - 

VTT 2 


where K = K[x\/Tr/2, xy/itli) and H = H{x\/Tr/2, xs/ttIi)-, for numerical 
values of H and K, see Table XXIW 

In the tables of Gilbert and Ignatowski the value of C(a-) is entered against the ar^?u- 
ment x; in Lommel’s table and the B, A. table, the value of C(V2j;/7r) is entered against x, 
i.e, C(x) IS entered against wx'^f2, 

Gilbert: M6m. eour. Aead. Brux. 31 G863); Ignatowski: Ann. Physik, (4) 23, 894 (1907); 
Lommel: Abh. Munch. Akad. (2) 15, 120 (1886); Brit. Ass. Report^ p. 273 (1926). 


Table XXIV gives (K+H)/and(K — H)/\/7r t o four places as functions 
of X from x = o to x= 13, i.e. for the first forty-two cycles; after a: = 2, linear 
interpolation is suflScient to ensure the fourth decimal. For values of x greater 
than 13, (K—H)/V7r = o and (K+H)/\/7r == i /tx exact to the fourth place. 
PTom this Table, by means of the relations given in Table XXIII, four-place 
values of C(x) and S(x) may be obtained for all values of x. This Table was 
computed from Gilbert’s and Ignatowski’s values of C(x) and S(x) by 
means of the relations given in Table XXIII; errors’* in the original tables 

'■ The symbols C X H and K are defined in Table XXIII. 

‘ Some of these, especially in Jahnke and Erode, are misprints. The true values are - - 
C(o.i) - 0.1000; C(o.8) = 0.7229; C(i.i) = 0.7638; C(i.6) =0.6389; C(i.8) =0.3337; C(4.3) 
- 0.5260; C(5.i) = 0.4998; €(7.3) = 0.519D. 



NUMERICAL EVALUATION OF INFINITE SERIES 


2873 


Table XXIV; see Table xxiii 


* 

(K+H) 

Vtt 

(K~H) 

Vt 

X 

(K+H) 

(K-H) 

Vtt 

X 

(K+H) 

V IT 

(K-H) 

y/ir 

0.00 

0,5000 

0.5000 

2.00 

0.1566 

O.OII7 

5.50 

0.0578 

0.0006 

.05 

.4982 

•4520 

2.10 

♦ 1495 

.0104 

5.60 

.0568 

.0006 

.10 

.4931 

.4078 

2.20 

.1429 

.0091 

5.70 

•0559 

.0005 

.15 

• 4855 

•3674 

2.30 

.1369 

.0081 

5.80 

■0549 

.0005 

.20 

.4760 

•3306 

2.40 

•1315 

.0071 

5.90 

.0540 

.0005 

.25 

■ 4 (> 4 <; 

. 2972 

2.50 

. 1264 

.0062 

6.00 

•0531 

.0005 

.30 

.4528 

. 2671 

2.60 

. 1217 

•0055 

6.10 

• 0522 

.0004 

.35 

■ 4399 

• 2398 

2.70 

. 1172 

.0050 

6.20 

• 0514 

.0004 

.40 

• 4265 

•2154 

2.80 

.1131 

.0045 

6.30 

. 0506 

.0004 

.45 

.4129 

•1934 

2.90 

.1093 

.0041 

6.40 

.0498 

.0004 

.50 

• 3992 

•1736 

3.00 

•1057 

.0037 

6.50 

.0490 

.0004 

.55 

• 385 (> 

• 1560 

3.10 

.1023 

•0033 

6.60 

.0482 

.0004 

.60 

•3723 

. 1402 

3.20 

.0992 

.0030 

6.70 

•0475 

.0004 

.65 

■3593 

.1261 

3.30 

. 0962 

.0027 

6.80 

.0468 

.0004 

.70 

3466 

•1135 

3.40 

•0933 

.0025 

6.90 

. 046 I 

.0003 

.75 

•3343 

. 1022 

3.50 

.0907 

.0023 

7.00 

•0455 

.0003 

.80 

3225 

.0922 

3.60 

.0883 

.0021 

7.10 

.0449 

.0003 

.85 

.3112 

• 0833 

3.70 

♦ 0859 

.0019 

7.20 

‘0443 

.0003 

.90 

•3003 

• 0753 

3.80 

.0836 

.0018 

7.30 

•0437 

.0003 

0.95 

. 2809 

.0682 

3.90 

.0815 

.0017 

7.40 

‘ 043 ^ 

.0003 

1.00 

2800 

0618 

4.00 

•0795 

.0016 

7.50 

.0425 

.0002 

1.05 

•2705 

• 0561 

4.10 

.0776 

.0015 

7.60 

.0420 

.0002 

1.10 

.2614 

0510 

4.20 

•0757 

.0014 

7.70 

.0414 

.0002 

1.15 

■ 2528 

.0464 

4.30 

.0740 

.0013 

7.80 

.0408 

.0002 

1.20 

. 2446 

.0423 

4.40 

.0723 

.0012 

7.90 

.0403 

.0002 

1.25 

.2368 

.0386 

4.50 

.0707 

.0011 

8.00 

.0398 

.0002 

1.30 

•229s 

•0353 

4.60 

.0691 

.0010 

8.10 

•0393 

.0002 

1.35 

.2225 

•0323 

4.70 

•0675 

.0009 

8.20 

.0388 

.0002 

1.40 

.2158 

.0296 

4.80 

.0662 

.0009 

8.30 

.0384 

.0002 

1.45 

. 2094 

.0272 

4.90 

.0649 

.0009 

8.40 

•0379 

.0002 

1.50 

.2034 

.0250 

5.00 

.0636 

.0008 

8.50 

•0375 

.0002 

1.60 

, 1922 

.0213 

5.10 

.0624 

.0008 

9.00 

•0354 

.0001 

1.70 

. 1820 

.0182 

5.20 

.0612 

.0008 

9.50 

•033 s 

.0001 

1.80 

.1727 

.0156 

5.30 

.0601 

.0007 

10.00 

.0318 

.0001 

1.90 

0.1643 

0.0135 

5.40 

0.0589 

0 0007 

10.50 

•0303 

.0001 


For larger values of x, 
K+H K-H 

are exact to four places. 


11.00 .0289 .0001 

11.50 .0277 .0001 

12.00 .0265 .0001 

12.50 .0255 .0001 

13.00 0.0245 0.0000 


o 
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were found by differencing H and K (to find them by differencing the original 
tables was of course quite impossible) and were corrected by computation as 
explained below; from rr = o to rc=i.5 Gilbert's tabular interval was halved, 
partly by interpolation and partly by independent computation of the series. 

For the first three cycles the B.A. Table gives six-place values; ten-figure 
values might be obtained, if needed, from the twelve-place Bessel Functions 
(B.A. Report for 1925 p. 221) as explained on p. 273 of the Report for 1926. 
For higher values of x, Eqs. 131 and 132 may be used; for this purpose both 
p and q must be replaced by x\^Tr/2y whereupon the left hand members be¬ 
come the H and K respeclively of Tables XXIII and XXIV. 

Example 34 The last entry in the B.A. Table gives C( \/^o/Tr) - 0.580389 and S(\/4o/ tt) 
-0.461646. Choosing a = 0.01, seven terms of (131) give H = 0.0769 5320 488 and seven 
terms of (132) give K = 0.0808 7033 962 with a possible error well under lo”^^ From these, 
CCv'icVir) =0.58038 89720 and S(\/4o/7r) = 0.46164 577^8, which agree to the last place 
with the figures obtained by adding (in each case) twenty-two 12-figure Bessel Functions. 


( 16 b) The function F{x) — e 



The advantage which a table of F{x) has over one of the integral’ of 
e^\dx consists in the facility with which the former may be interpolated, as 
has already been pointed out. The function F{x) occurs in the P-approxi- 
mations to when gx = o and /(w) = c“"^'“ (see Table XI Nos. 6 and 7, and 
Ex. 7) and in the Original Integral when f{u) = i/\/b^+Uy F{\/hHi) or 
(see Table XIII Nos. 2, 5 and 6, and Ex. it, 12 and 17); also in the 
Poisson Form of 0 ^^ (see Eqs. 35 and 36) and in the Poisson Form of Ap when 
F{X) is any odd integral power of X. The integral of F{x).dx occurs in the 
Poisson Form of Ap when F(X) is any even integral power of X; it cannot be 
reduced to known forms and is untabulated. The integral of Eq. 133, viz. 
twice A:[ez;cn]$s(i), needed in finding the error of the P-approximation 
to (see p. 2824) may be evaluated by replacing F{x) by the semicon- 
vergent series of Table XXV No. 3, since only small values of T need be 
considered; this gives: 


[hx 

o 


12 yji )iy/t At -^T/x + r/x^ + 4Tyx^ + 3orvx' + 


The numerical values of F{x) given in Table XXVIII were obtained as 
follows:— From x = o to x = 2 from Dawson's six-figure Table^ of the integral 
of e'^'Ax and Newman's Table'’ of e~^. From x = 2 to x = 4 nine-figure values 
at intervals of 0.2, and from x = 4 to x = 6 ten-figure values at intervals of 
0.5, were computed by Eq. 134. 

F {x)—^{\/TT / 2) .e ^ dan TT 1 2-\/a — 2\/a/7r.2e“''”’®^y(m^a—i) (134) 


1 For tables to convert the first function into the other, see footnote p. 2868. 

2 H. G. Dawson: Proc. London Math. Soc., 29 , 519 (1898). 

3 F. W. Newman: Camb. Phil. Soc. Trans., 13 ,145 (1883); 12-18 decimal places; intervals 
of .001 from X * o to I5.35» of .002 to 17.30, of .005 to 27.64, of .01 to 37.0. 
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Table XXV: The function F 

1. F{x) - c"*’. f e’^’.dy = f -^dy 

%JQ %J0 V y 

2. = a:(i — 2 x 73 + 42^/1 S — SxVios + i6x*/945 — ...) 


3. = 1/2X + 1/4X* + s/Sx^ 4 - is/i 6 x'’ + 105/32x9 + . . . (semi- 

convergent) 

4. F(ix) = i.e^\ I e~’'\dy 5. d.F(x)/dx = i — 2X.F{x) 

6. J" F(Vx).dx = Vx — F(y/x) 

7-' f {F{\/x).dx/\/t-x} = (ir/2).(i - e“') 

8. J'J' F{x).dx.dx — F{x) — X + 2X. Jf{x) xlx 

9. At X == 0.9241 3887, F{x) has its maximum value viz. 1/2X = 

0.5410 4422. 

10. Atx = 1.501976, jF(j) has a point of inflexion; here jF(x) = x/{2X- — i) = 

0.427686. 


which may be obtained from Eq, 107 by writing y for x and x for K and then 
replacing /O/) by In each computation a was given the value 

o.i/x^, so that the error of the approximation was always less than 5 X 
seven terms of the Evanescent Series were needed to ensure accuracy in the 
tenth decimal place. From x = 6toa:=ioat intervals of 0.5, and for a: = ii 
and x = 12, ten-figure values were computed by the semi-convergent series of 
Table XXV No. 3; at x = 6 the value given by ten terms of the series agreed 
to the tenth decimal place with that obtained from (134), at x= 12 only six 
terms were needed. 

Intermediate values were obtained by means of Eq. 135, which is nothing 
but Taylor's theorem, 

/'(x+o.oi) — F{x) = o.oi[d F(x)/dx] -h o,ooo^\d^F{x)/dx^\ + . . . (135) 

= (io“V3)*(29998ooo — 299975X -|- 20oox^ — lox®) 

— (io"‘V 3)-^(^)-(299985 + 59994000X — 599940x2 ^ 4000x2 _ 2ox^) 
and similar equations for F(x-l-o.os) etc. when x>4. The two power-series 
were computed from their differences, on the adding machine; Eq. 135 proved 
a rapid means of interpolation as well as an independent check on the ac¬ 
curacy of the nine and ten-figure numbers. 


^ This form occurs as P\[odd]^ with/(w) = i 6 C/v^ times the H of Eq. 89, in computing 
the concentration of hydrogen dissolved in the catholyte during the electrolysis of acid 
copper sulphate solutions by currents above the limiting current. The relation given above 
may be established by expanding F(y/x) by No. 2, integrating term by term and replacing 
the definite integrals so obtained by their known values from de Haan: loc. cit., Table VII). 
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The integral of F{x).dx might be obtained by tabular integration of 
Table XXVIII, computing as a check a few points by the integral of Table 
XXV No. 2 or No. 3, or by Eq. 136. For large values of the upper limit X, 
the integral approaches infinity; for these high values it would be better to 


tabulate f F{x),dx — (1/2). K which becomes constant. 



^ m{ni-a— i) 

Eq. 136 was obtained by integrating (134); its error (see Eq. 108) is less than 

/ jKk ti _ ^2K\'a 

G(y^),dy which in turn, if 2KVa ^ i, is less than (i/8a). / G{y), 

_ 

dy\ Table XXVII shews that if /vVn = o-5, this latter quantity is less than 
2 X If be given the value o. 25/A’S four terms of the Evanescent 

Series (viz. the first on the right of Eq. 136) are sufficient to ensure accuracy 
in the sixth decimal place; the sum of the other series may be found from 
Table XVUI No. 7. 

Example 2 f): To evaluate F{x).dx. ChooBing a=0.16 the error of the approximation 

will be less than lo"®. The value of the first term on the right of (136) is 0.66185 ^5656; the 
sura of SIX terms of the Evanescent Series is —0.61222 7917. By Table XVI fl No. 7, the 
sum of the other series is given by r/2 —(7r/4) . tan 57r/4-|-\i'(2.5)—o.5^(i.25) =0.32009- 
3076; the value of ^(2.5) viz. 0.70315 6641, was taken from the B.A. table of the logarithmic 
denvate of the Gamma-Function; that of ^(1.25) viz. —0.22745 3532, was obtained from 
Legendre’s table of logioV (tabular difference 0.005) by means of the formula 
0.005^(1.25) =2.30258 5093(A-AV2 + AV3-AV'4) 

The value so found for the integral is 0.3697 2082, which is the same as that obtained l)y 
integrating Table XXV No. 2 between the limits o and 1. By choosing the value 1/9 for 
a, interpolation in the logV table might have been avoided, but two more terms of the 
Evanescent would have had to be computed. 

(16c) The functions G{x) and / G{x).dx (defined in Tab. XXVI, No. 1) 

Table XXVI Nos. 2 and 3 follow from Kqs. 44, 45 and 47 if in the latter 
f(ii) = i. No. 4 was obtained by integrating by parts the integral on the 
right of No. 1; it is useful in computing G(a’) when x is small. Nos. 5 and 6 


Table XXVI: The Function G 



2. R,fa*\odd or €ve'n]^c(i) = {n 7 r — (jx/Sa\/w).G{4T'at/mr — gx) 

3. Rnh:[odd or ev€n]^c(i) = {?nr+yx/Sa\/Tr).G{4T-at/mr+ip^) 

4. G(a;) = (x‘^''V 7 r 2 ).e~'"'/*".(i-- 32 ;/ 27 r 2 + 3 . 5 .xV 47 r^- 3 .S. 7 .a;V^^^^ . . .) 

5 . Vr.Gix) = x/2 + ir “/6 — Vttx —— \/T.Jjn,G(x/n^) 

w « 2 

6. •\/ir.G( 4 a:) - x — irV6 + — s/T.Jjn.Gi^x/m^) 
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are special cases of (112a) and (iii) respectively; to obtain No. 5 from (112a) 
replace hy x and ¥ by tt^, and then take the limit when C—>0, noting that 
when F{y)—^y; to obtain No. 6 from (iii) replace by x and ¥ by 
and then let C~>o. 

From Table XXVI No. 4 it follows that for x ^ 0.4, G(x) <0.5X10“^®; 
so that for x/4^ 0.4, the last series on the right of No. 5 may be neglected in 
computing G(2;) without affecting the twelfth decimal. Similarly, if 4^/9 = 
0.4, values of G(4a:) may be found with the same degree of accuracy from 
No. 6 without taking account of the last series on the right of that equation. 
As pointed out in Part V, p. 2861, the other series in Nos. 5 and 6 consist 
of the same terms with different signs; advantage was taken of this to lessen 
the labour of computing Table XXVII. 

For values of the argument (viz. 4x) above 3.6, the first terms of the last 
series of No. 6 must be taken into account; up to 4X/9 = 0.6, i.e. arguments 
up to 5.4, this term may conveniently be computed by No. 4, for higher 
values No. 5 may be used; it is not practical to attempt to find it by inter¬ 
polating in the table of G(x). 

The Table of the Integral of G{x).dx has been used to find an upper limit 
to the error of Eq. 136, see p. 2876. The approximations used in computing 
this Table were obtained by integrating Table XXVI Nos. 5 and 6 term by 
term. 

Table XXVII; see Table xxv 


X 


f/G(y) ■ '>u 

0.4 

0 00000 

000000 

0.00000 

000000 

■5 

.00000 

000009 

.00000 

000000 

.6 

.00000 

0003II 

.00000 

000009 

•7 

00000 

004060 

.00000 

000164 

.8 

,00000 

028555 

.00000 

001469 

0.9 

.00000 

132598 

.00000 

008436 

1.0 

.00000 

459578 

.00000 

035270 

1 1 

.00001 

285787 

.00000 

116795 

1.2 

.00003 

060092 

00000 

323816 

1-3 

.00006 

425453 

.00000 

781629 

1.4 

.00012 

219418 

.00001 

689656 

1-5 

.00021 

456279 

.00003 

340114 

1.6 

.00035 

296323 

.00006 

134233 

1*7 

.00055 

008046 

.00010 

595024 

1.8 

.00081 

928415 

.00017 

376096 

1.9 

.00117 

424853 

.00027 

266581 

2.0 

.00162 

861296 

.00041 

192438 

2.1 

.00219 

569515 

.00060 

214629 

2.2 

.00288 

826095 

.00085 

524702 

2.3 

.00371 

834885 

.00118 

438351 

2.4 

.00469 

714441 

.00160 

38747s 

2.S 

0.00583 

489801 

0.002I2 

911208 
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Table XXVIII; see Table xxv 


X 

Fix) 

X 

Fix) 

X 

Fix) 

0.00 

0.000 000 

0.35 

0.322 770 

0.70 

0.510 503 

.01 

.009 999 

•36 

•330 451 

• 71 

.513 286 

.02 

.019 995 

■37 

•338 010 

• 72 

•515 926 

•03 

.029 981 

.38 

•345 447 

•73 

.518 428 

.04 

•039 957 

•39 

•352 759 

•74 

.520 789 

•05 

.049 917 

.40 

•359 943 

•75 

•523 013 

.06 

•059 357 

.41 

.366 999 

.76 

•525 100 

.07 

.069 771 

.42 

•373 924 

•77 

•527 050 

.08 

.079 660 

•43 

•380 717 

•78 

.528 866 

.09 

.089 516 

.44 

■387 375 

•79 

•530 549 

. 10 

•099 336 

•45 

•393 899 

.80 

•532 lOI 

. II 

.109117 

.46 

.400 285 

.81 

•533 523 

. 12 

.118 854 

•47 

•406 533 

.82 

.534 816 

•13 

•128 545 

.48 

.412 641 

.83 

•535 981 

.14 

.138 185 

•49 

.418 609 

.84 

•537 021 

•15 

.147 769 

•50 

■424 436 

.85 

•537 937 

. 16 

.157 297 

•51 

.430 120 

.86 

■538 732 

•17 

.166 762 

•52 

■435 662 

.87 

•539 406 

.18 

.176 162 

•53 

.441 059 

.88 

•539 960 

.19 

.185 492 

•54 

.446 311 

.89 

•540 399 

20 

•194 7 SI 

•55 

.451 418 

.90 

.540 724 

21 

•203 933 

•56 

.456 380 

.91 

•540 934 

.22 

.213 037 

•57 

.461 195 

•92 

•541 034 

•23 

.222 058 

.58 

.465 864 

•93 

•541 025 

.24 

.230 993 

•59 

.470 386 

•94 

•540 910 

*25 

•239 839 

.60 

•474 763 

•95 

.540 688 

. 26 

•248 593 

.61 

•478 993 

.96 

•540 363 

.27 

■257 253 

.62 

.483 076 

•97 

•539 938 

. 28 

.265 814 

•63 

•487 013 

.98 

•539 414 

.29 

.274 275 

•64 

.490 803 

•99 

•538 793 

•30 

.282 631 

•65 

•494 448 

1.00 

.538 080 

•31 

.290 882 

.66 

•497 947 

1.01 

•537 272 

•32 

.299 023 

.67 

•501 303 

1.02 

•536 375 

-33 

.307 054 

.68 

•504 513 

1.03 

•535 388 

0.34 

0.314 970 

0.69 

0.507 580 

1.04 

0.534 317 
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Table XXVIII (Continued) 


X 

F(x) 

X 

F(x) 

X 

I OS 

0.533 162 

1.40 

0-456 507 

I- 7 S 

1.06 

•531 925 

1.41 

•453 718 

1.76 

1.07 

.530 609 

1.42 

.450 918 

1-77 

1.08 

.529 216 

1.43 

.448 107 

1.78 

1.09 

•527 748 

1.44 

.445 286 

1.79 

1.10 

.526 207 

1-45 

•442 458 

1.80 

I. II 

•524 595 

1.46 

•439 624 

1.81 

1.12 

•522 915 

1-47 

•436 785 

1.82 

I 13 

.521 169 

1.48 

•433 942 

1-83 

1.14 

• 5 T 9 359 

1.49 

.431 096 

1.84 

1.15 

•517 487 

1-50 

.428 249 

1.85 

1.16 

•515 555 

I.SI 

.425 401 

1.86 

1.17 

•513 566 

1-52 

•422 555 

1.87 

1.18 

•Sii 521 

1-53 

.419 710 

1.88 

1.19 

•509 423 

1-54 

.416 869 

1.89 

1.20 

•507 273 

1.55 

.414 032 

1.90 

1.21 

•505 07s 

1.56 

.411 199 

1.91 

1.22 

.502 829 

1-57 

•408 373 

1.92 

1.23 

•500 537 

1.58 

•40s 554 

1-93 

1.24 

.498 202 

1-59 

.402 742 

1.94 

1.25 

.495 827 

1.60 

•399 940 

1.95 

1.26 

•493 412 

1.61 

•397 146 

1.96 

1.27 

.490 960 

1.62 

•394 364 

1.97 

1.28 

.488 472 

1,63 

•391 592 

1.98 

1.29 

•485 950 

1,64 

•388 832 

1.99 

^ 30 

•483 397 

1,65 

.386 085 

2.00 

I- 3 I 

.480 814 

1,66 

•383 351 

2.01 

1.32 

.478 203 

1.67 

.380 630 

2.02 

1-33 

•475 566 

1.68 

•377 925 

2.03 

1-34 

.472 904 

1.69 

•375 234 

2.04 

I- 3 S 

.470 219 

1.70 

•372 559 

2.05 

1.36 

•467 513 

1.71 

.369 900 

2.06 

1-37 

.464 787 

1.72 

•367 258 

2.07 

1.38 

.462 043 

1-73 

•364 633 

2.08 

1-39 

0.459 283 

1-74 

0.362 026 

2.09 
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F(x) 


0-359 436 

•356 86s 

•354 313 

•351 780 
.349 266 

•346 773 
•344 299 
.341 846 
•339 413 
•337 001 

•334 609 
•332 239 

•329 891 
•327 563 
•325 258 

•322 974 
.320 712 
.318 471 
•316 253 
•314 057 

.311 883 
.309 730 

.307 600. 

•305 491 
•303 405 

•3013 4039 

.2992 9770 
.2972 7683 

•2952 7771 

.2933 0025 

.2913 4438 
.2894 0998 
.2874 9696 
.2856 0519 
0.2837 3456 
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Table XXVIII (Continued) 


X 

Fix ) 

X 

F ( x ) 

X 

Fix ) 

2 . lO 

0.2818 8494 

2 45 

0.2290 2237 

2.80 

0-1935 5072 

2 . II 

.2800 5618 

2.46 

.2278 0728 

2.81 

.1927 1SQ9 

2.12 

.2782 4815 

2 47 

.2266 0607 

2.82 

.1918 8940 

2.13 

.2764 6069 

2.48 

.2254 1854 

2.83 

.1910 7083 

2.14 

.2746 9364 

2.49 

.2242 4449 

2.84 

.1902 6015 

2.15 

.2729 4686 

2.30 

.2230 8372 

2.85 

.1894 5724 

2.16 

.2712 2016 

2 51 

.2219 3605 

2 86 

. 1886 6198 

2.17 

•2695 1338 

2 52 

.2208 0128 

2.87 

•1878 7427 

2.18 

.2678 2634 

2.53 

.2196 7922 

2 88 

.1870 9398 

2.19 

.2661 5886 

2 54 

.2185 6968 

2 89 

.1863 2100 

2.20 

.2645 1076 

2 55 

.2174 7248 

2.90 

■1855 5523 

2.21 

.2628 8185 

2.56 

.2163 8743 

2.91 

.1847 9656 

2.22 

.2612 7194 

2.57 

.2153 1434 

2.92 

.1840 4488 

2.23 

.2596 8084 

2 58 

.2142 5305 

2-93 

.1833 0009 

2.24 

.2581 0834 

2.59 

.2132 0337 

2.94 

. 1825 6208 

2.25 

.2565 5426 

2,60 

.2121 6512 

2.95 

.1818 3075 

2.26 

•2550 1839 

2.61 

.2111 3814 

2.96 

.1811 0602 

2.27 

•253s 0053 

2.62 

.2101 2225 

2 97 

.1803 8777 

2.28 

.2520 0048 

2.63 

.2091 1727 

2.98 

.1796 7592 

2.29 

.2505 1802 

2.64 

.2081 2305 

2.99 

.1789 7037 

2.30 

.2490 5296 

2.65 

.2071 3942 

3 00 

.1782 7103 

2.31 

.2476 0508 

2.66 

.2061 6622 

3 01 

•1775 7781 

2.32 

.2461 7418 

2.67 

.2052 0328 

3 02 

.1768 9063 

2.33 

.2447 6005 

2.68 

.2042 5046 

3 03 

.1762 0940 

2.34 

.2433 <^247 

2.69 

.2033 0758 

3 04 

•1755 3403 

2.35 

.2419 8125 

2.70 

.2023 7451 

305 

.1748 6443 

2.36 

.2406 1616 

2.71 

.2014 5109 

3.06 

.1742 0054 

2.37 

.2392 6701 

2.72 

.2005 3716 

3-07 

.1735 4226 

2.38 

■2379 3358 

2.73 

. 1996 3260 

3.08 

.1728 8952 

2.39 

.2366 1567 

2.74 

.1987 3724 

309 

.1722 4225 

2.40 

•2353 1306 

2.75 

•1978 509s 

3-10 

.1716 0036 

2.41 

.2340 2554 

2.76 

•1969 7359 

311 

.1709 6378 

2.42 

.2327 5292 

2.77 

.1961 0502 

3.12 

.1703 3244 

2.43 

.2314 9499 

2.78 

.1952 4511 

3-13 

. 1697 0627 

2.44 

0.2302 5154 

2.79 

0-1943 9372 

3-14 

0.1690 8519 
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Table XXVIII (Continued) 


X 

F { x ) 

X 

Fix ) 

X 

Fix ) 

31s 

0.1684 6914 

3 so 

0.1496 2159 

385 

0.1347 9616 

3.16 

.1678 5806 

3-51 

.1491 4969 

3.86 

•1344 1797 

317 

.1672 5186 

352 

.i486 8097 

3 87 

.1340 4202 

3.18 

.1666 5050 

3 53 

.1482 1539 

3-88 

.1336 6826 

319 

.1660 5390 

3-54 

.1477 5294 

389 

.1332 9669 

3.20 

.1654 6200 

355 

•1472 9357 

390 

.1329 2729 

3.21 

.1648 7474 

3 56 

.1468 3724 

391 

.1325 6003 

3.22 

.1642 9206 

3-57 

1463 8393 

392 

.1321 9490 

3 23 

.1637 1390 

358 

•1459 3361 

3-93 

.1318 3187 

3-24 

.1631 4021 

3 59 

.1454 8623 

3-94 

.1314 7092 

3 - 2 S 

.1625 7091 

3 60 

.1450 4177 

3-95 

.1311 1204 

3.26 

.1620 0597 

3.61 

.1446 0020 

3 96 

•1307 5521 

3 27 

•1614 4532 

3.62 

.1441 6149 

3-97 

. 1304 0041 

3.28 

.1608 8890 

3-63 

•1437 2561 

3 98 

.1300 4762 

3 29 

.1603 3668 

3-64 

.1432 9252 

3-99 

.1296 9682 

3-30 

•1597 8858 

365 

.1428 6221 

4.00 

.1293 4800 

3 31 

.1592 4457 

3.66 

.1424 3463 

4.0s 

. 1276 3291 

332 

.1587 0458 

3-67 

.1420 0977 

4.10 

.1259 6466 

3-33 

.1581 6858 

3.68 

•1415 8759 

4.IS 

.1243 4125 

3-34 

•1576 3651 

369 

.1411 6807 

4.20 

.1227 6082 

3 - 3 S 

•1571 0833 

3-70 

.1407 5117 

4.25 

.1212 2159 

336 

•1565 8398 

3-71 

.1403 3688 

430 

.1197 2192 

3-37 

.1560 6343 

372 

•1399 2517 

4-35 

.1182 6023 

338 

•I 5 SS 4662 

3-73 

.1395 1601 

4.40 

.1168 3504 

3-39 

•iSSo 3351 

3-74 

•1391 0937 

4.45 

.1154 4494 

3 - 4 ° 

.1545 2406 

3-75 

.1387 0524 

4.50 

.1140 8861 

3-41 

.1540 1822 

3 76 

■1383 0358 

4-55 

. 1127 6478 

3-42 

•153s 1596 

3-77 

•1379 0437 

4.60 

.1114 7227 

3-43 

.1530 1722 

3-78 

•137s 0759 

4-65 

.1102 0993 

3-44 

.1525 2198 

3-79 

.1371 1322 

4.70 

.1089 7668 

3 - 4 S 

.1520 3019 

3 80 

.1367 2122 

4-75 

.1077 7151 

3-46 

.1515 4180 

3 - 8 i 

•1363 3158 

4.80 

.1065 9343 

3-47 

.1510 5679 

3-82 

.1359 4428 

4-85 

.1054 4151 

3-48 

.1505 7511 

383 

•1355 5929 

4.90 

.1043 1487 

3-49 

0.1500 9672 

3-84 

0.1351 7659 

4-95 

0.1032 1266 
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Table XXVIII (Continued) 


X 

Fix) 

X 

Fix) 

X 

5.00 

0.1021 34075 

6.50 

0.0778 67819 

8.50 

5-05 

.1010 78338 

6.55 

.0772 58604 

8.60 

S-io 

.1000 44714 

6.60 

.0766 58970 

8.70 

S-I 5 

•0990 32499 

6.65 

.0760 68689 

8.80 

5.20 

.0980 41020 

6.70 

.0754 87541 

8.90 

5-25 

.0970 69629 

6.75 

.0749 I5314 

9.00 

S -30 

.0961 17708 

6.80 

.0743 51800 

9.10 

5.35 

.0951 84665 

6.85 

.0737 96800 

9.20 

540 

.0942 69931 

6.90 

.0732 50120 

930 

5-45 

•0933 72961 

6.95 

.0727 11573 

9.40 

5 -SO 

.0924 93232 

7.00 

.0721 80975 

9 50 

5 -SS 

.0916 30242 

7-05 

.0716 58150 

9.60 

5.60 

•0907 83507 

7.10 

.0711 42927 

9.70 

S-6S 

.0899 52563 

7-15 

.0706 35139 

9.80 

S -70 

.0891 36965 

7.20 

.0701 34625 

9.90 

S- 7 S 

.0883 36283 

7-25 

.0696 41228 

10.00 

S.80 

.0875 50104 

730 

.0691 54795 

10.20 

5-85 

.0867 78032 

7-35 

.0686 75179 

10.40 

5-90 

.0860 19682 

7.40 

.0682 02235 

10.60 

S- 9 S 

.0852 74686 

7-45 

•0677 35825 

10.80 

6.00 

.0845 42689 

7-50 

.0672 75812 

IT .00 

6.05 

.0838 23347 

7.60 

.0663 74453 

11.20 

6.10 

•0831 16331 

7.70 

.0654 97146 

11.40 

6.15 

.0824 21320 

7.80 

.0646 42932 

11.60 

6.20 

.0817 38007 

7.90 

.0638 10903 

11.80 

6.25 

.0810 66094 

8.00 

.0630 00199 

12.00 

6.30 

.0804 05295 

8.10 

.0622 10002 


6-35 

•0797 SS332 

8.20 

.0614 39539 


6.40 

.0791 15936 

8.30 

.0606 88074 


6.45 

0.0784 86849 

8.40 

0.0599 54907 



Fix) 

0.0592 39372 
.0585 40837 
.0578 58698 
.0571 92381 

•0565 41338 

•0559 05047 
.0552 83008 
.0546 74744 
.0540 79801 
•0534 97743 

.0529 28153 
.0523 70632 
.0518 24800 
.0512 90290 
.0507 66751 

•0502 53847 
.0492 58670 
.0483 02328 
.0473 82583 
.0464 97363 

.0456 44752 
.0448 22974 
.0440 30378 
•0432 65432 
.0425 26708 

0.0418 12876 
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THE DEFINITION AND EVALUATION OF THE FUGACITYOF AN 
ELEMENT OR COMPOUND IN THE GASEOUS STATE 


BY G. TUNELL 

The purpose of this paper is to show that in reality the definition of the 
fugacity function of Lewis depends on a physical hypothesis (experimental 
fact) in addition to the hypothesis that the volume of unit mass, e.g. one mol 
or one gram, of the element or compound in the gaseous state is a single¬ 
valued continuous function of the temperature and the pressure. The ad¬ 
ditional physical hypothesis is well founded experimentally and the fugacity 
defined on the basis of it is undoubtedly a useful function. 

The fact that the definition of fugacity presupposes a hypothesis not pre¬ 
supposed in the definition of Lewis's free energy (Gibbs's zeta function) has 
been concealed, however, by Lewis and Randall's derivations in which they 
step over the limitation that division by zero is not a process defined in algebra 
and thus are apparently able to present as a theorem from their definition of 
fugacity a relation that cannot be proved from their definition of fugacity; in 
reality the relation in question must be taken as the definition of fugacity, 
and from it the relation called by Lewis and Randall the first part of their 
definition of fugacity follows as a theorem. 

Lewis has stated his aim as follows: 

‘Tn .... more exact investigations the old approximate equations of 
thermodynamic chemistry will no longer suffice. We must either turn to the 
precise, but rather abstruse, equations of entropy and the thermodynamic 
potential, or modify the methods which are in more common use, in such a 
way as to render them exact. . . . The aim. ... is to develop by familiar 
methods a systematic set of thermodynamic equations entirely similar in 
form to those which are now in use, but rigorously exact."^ 

‘The great utility of this new quantity will be shown to lie in the fact that 
the approximate equations containing the vapor pressure and developed 
rigorously except for the assumption that the vapor pressure obeys the gas 
law, may be replaced by exact equations of the same form or of equal simplicity 
containing the fugacity instead of the vapor pressure. 

Lewis's aim was good and the function that he invented on the basis of his 
wide experience in chemical thermodynamics is undoubtedly valuable, but 
the derivations of Lewis and Randall discussed in this paper have caused 
confusion and perplexity in the minds of many readers. The definition and 
derivations given in the following pages are exactly consistent with Lewis and 

^ G. N. Lewis: Outlines of a new system of thermodynamic chemistry, Proc. Am. Acad., 
43 , 260 (1907). 

* G. N. Lewis: The law of physico-chemical change, Proc. Am. Acad., 37 , 55 (1901). 
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Randairs physical hypotheses/"* and this definition gives to the fugacity the 
properties that, it is evident from their writings, Lewis, and Lewis and Randall 
intend it to have, at the same time removing the difficulties introduced by 
Lewis and RandalPs erroneous derivations. The definition of fugacity 
given in this paper shows how the physical hypothesis (experimental fact) in 
addition to the hypothesis that the volume of unit mass of the element or 
compound in the gaseous state is a single-valued continuous function of the 
temperature and the pressure contributes to the fugacity the properties found 
by Lewis although he does not make clear how it comes to have them. 

Lewis and Randall say: “We may partially define the fugacity, f, in terms 
of the molal free energy, f, through the equation 

(1) F = RT In f + B, 

where B is defined no further than by the statement that it is a function of 
temperature only, or in other words, that it is a constant at a single tempera¬ 
ture.” R denotes the gas constant; T, the absolute thermodynamic tempera¬ 
ture; In f, the natural logarithm of f. “Between two isothermal states this 
equation becomes 

(2) Fb - Fa = RT In ^ . 

u 

“We see that these equations do not determine the humerical value of the 
fugacity, but only determine the ratio of the fugacities of a substance in two 
isothermal states. We may therefore complete the definition by assigning at 
each temperature a numerical value to the fugacity in some one state ” (Italics 
by the author of this paper.) 

“We have found .... the difference in free energy of a perfect gas between 
two different pressures, at the same temperature, namely, 

Fb - Fa = RT In ^, 
i A 

and comparing this with Equation 2, we see that the fugacity of a perfect gas 
is proportional to its pressure. 

“Now, at least theoretically, every substance can be brought isothermally 
into the state of a perfect gas. For, if we admit that every substance at a 
finite temperature has a finite vapor pressure, then if the pressure upon a 
substance is decreased without limit the substance will eventually vaporize, 
and with further diminution in pressure the vapor will approach nearer and 
nearer tc the condition of a perfect gas. 

* One of the physical hypotheses made by Lewis and Randall is now known to be in 
error. Cf. L. J. Gillespie, J. Am. Chem. Soc., 48 , 30 (1926). The definitions and deriva¬ 
tions of the author of this paper, however, apply both to real gases and to hypothetical 
gases fulfilling the erroneous hypothesis of Lewis and Randall. In other words the necessary 
change in this hypothesis does not affect the theory of the fugacity, and this hypothesis 
need not be discussed at length in this paper, although the true situation in respect to it 
is indicated. 

^G. N. Lewis and M. Randall: ‘Thermodynamics and the Free Energy of Chemical 
Substances,*' p. 191 (1923)- 
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‘Therefore instead of completing our definition of fugacity by assigning 
to it some arbitrary value in a chosen state, such as the liquid state at one 
atmosphere, it is better to complete the definition by making the fugacity 
of a perfect gas equal to the pressure. Fugacity will be regarded as having 
the same dimensions as pressure, and the unit of fugacity will be the atmos¬ 
phere.’^ 

The statement of Lewis and Randall that their partial definition of the 
fugacity, f, by the equation 

(A) f(T,P) - f(T,P') = RT In , 

where P' denotes any constant pressure greater than zero, can be completed 
by making the fugacity of a perfect gas equal to the pressure, that is, by 
assigning the value zero to the fugacity at zero pressure at each temperature, 
will now be examined. 

It should be noted that Lewis and Randall do not assume that any real 
gas becomes perfect at any pressure above zero, but explicitly assume the 
contrary. Thus they write “We find in plotting the isotherm of an im¬ 
perfect gas. . . . that a[a=RT/P—v] always approaches a constant value 
at low pressures. In other words, at constant temperature and at low pres¬ 
sures there is a constant difference between the actual volume and the volume 
calculated by the gas law.” In accordance with these statements of Lewis 
and Randall, the following physical hypothesis is made in this paper: 

(I) ‘ v) = K(r), 

where T' denotes any constant temperature greater than absolute zero; P, 
the pressure; v, the volume; K(T')i at each constant temperature greater 
than absolute zero a constant different from zero except at the Boyle tempera¬ 
ture (not the same constant at different temperatures). Lewis and RandalP 
and the author also assume that 

(II) lim ^ = R. 

P-0 i 

Lewis and RandalP write: “the molal free energy of a gas approaches an 
infinite negative value as the pressure approaches zero.” As applied to a real 
gas this statement is a theorem derived mathematically from the first and 
second laws of thermodynamics and the additional physical hypothesis of 
Lewis and Randall that 

_ 

* Lewis and Randall: Op. cit., p. 197. 

® Equations with Arabic numbers are Lewis and Randall's equations and the Arabic 
numbers are Lewis and Randall's numbers; equations with capital letters are equations used 
in the critical analysis of Lewis and Randall's definition and evaluations; equations with 
Roman numbers are steps in the rigorous derivations of the results of Lewis and Randall 
worked out by the author of this paper. 

^ Op. cit., p. 197. 

* Idem, p. 190. 
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A proof of this theorem by the author of this paper is as follows. Lewises 
molal free energy, r, (Gibbses zeta function for one mol) is defined by the 
equation 

F = E+Pv—Ts, 

where e denotes the molal internal energy; P, the pressure; v, the molal 
volume; T, the absolute thermodynamic temperature; s, the molal entropy. 
Thus 

The first law of thermodynamics for reversible processes (continuous series of 
equilibrium states) in one-component systems of one phase is embodied in the 
following equation 

(T.P) 

(III) «(T,P) - »(T.,P.) -J (<:'-P(S)J« + (l„-p(g) JdP. 

(T0.P0) 

which is also written in the more familiar but less explicit form 

(T.P) 

(IV) E(T,P) - E (To,Po) = fdQ- dw, 

(Tq.Po) 

the integral in each of the equations, (III) and (IV), being extended over any 
path in the domain, o<T<oo, o<P^<^>(T), connecting the points (To,Po) 
and (T,P) ; where q denotes the heat received (heat of the path) ; w, the work 
done (work of the path); Cp, the molal heat capacity; Lp,® the molal latent 
heat of change of pressure at constant temperature; e, the molal internal 
energy; and P = </)(T), o<T<oo, is the equation of the boundary of the 
stability field of the gas separating it from the stability fields of solid and liquid. 
The physical hypothesis (experimental fact) embodied in each of the equations, 
(III) and (IV), may be stated in words as follows: The value of the integral 
in each of the equations, (III) and (IV), is independent of the choice of the 
path of integration in the domain, o <T < 00, o <P^<^(T), that is, it depends 
only on the limits of integration, and the integral may therefore be used to 
define a function, the molal internal energy, of the independent variables, T 
and P. By the definition of q for this system 

(T.P) (T.P) 

(V) Q dQ =y^Cp dT + Lp dP, 

(To,Po) (To!Po) 

the values of the integals in (V) depending on the choice of the path of in¬ 
tegration. By the definition of w for this system 

®The latent heat of change of pressure at constant temperature is denoted by Ip by 
several authors but is denotedf here by Lp in conformity with Lewis and Randall’s denota¬ 
tion of molal quantities by small capital letters. Lp must not be confused with Lewis and 
Eandall’s l, which denotes the molal relative heat content. 
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(T.P) (T.P) (T.P) 

(VI) w -/dw -/Pdv + p(g)^dP, 

(T0.P0) (T0.P0) (T0.P0) 

the values of the integrals in (VI) depending on the choice of the path of 
integration. Thus equation (IV) may be brought readily into the form (III) 
by means of (V) and (VI). From (III) it follows directly^® that 



The second law of thermodynamics for reversible processes (continuous series 
of equilibrium states) in one-component systems of one phase is embodied 
in the following equation 

(T.P) 

(VII) 8(T,P) -s(To,Po) = dT + ^dP,“ 

(T0.P0) 

which is also written in the more familiar but less explicit form 

(T.P) 

(VIII) s(T,P) - s(To,Po) 

(T0.P0) 

the integral being extended over any path in the domain, o<T<oo, 
o<P^<^(T), connecting the points, (To,P«) and (T,P); where s denotes the 
molal entropy. The physical hypothesis (experimental fact) embodied in 
each of the equations, (VII) and (VIII), may be stated in words as follows: 
The value of the integral in each of the equations, (VII) and (VIII), is inde¬ 
pendent of the choice of the path of integration in the domain, o<T<oo, 
o<P^0(T), that is, it depends only on the limits of integration, and the 
integral may therefore be used to define a function, the molal entropy, of the 
independent variables, T and P. Equation (VIII) may be brought readily 
into the form (VII) by means of (V). From (VII) it follows directly that 


W. F. Osgood: “Lehrbuch der Funktionentheorie,” 5. Aufi., Bd.i, S. 138-150 (1928); 
Advanced Calculus,” pp. 228-230 (1925). 

The first and second laws of thermodynamics are expressed in this form, which is the 
standard mathematical form for the representation of a line integral that is independent 
of the path, first because the physical law is thus exhibited explicitly, and second becau^ 
it is from these two equations tnat all of the thermodynamic relations for the system in 
question are deduced. A necessary and sufficient condition for (III) is 

<iii') r Kc‘‘-P(aT),) 1 = P(^'’-p(^)t) 1 • 

L dP JT L dT Jp 

Likewise a necessary and sufficient condition for (VII) is 


(vir) pc?) ] = P(t0 1 • 

L aP Jt L «T Jp 

Prom these two equations, (IIP) and (VIP), all of the relations for this 85rstem summarized 
in P. W. Bridgman’s “Condensed Collection of Thermodynamic Formulas” (1925) 
obtained. 
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Substituting the values of (dE/ 3 P)T and (ds/dP)T in the equation for 
(dF/dP)T obtained by differentiating with respect to the pressure the equation 
of definition of f, one therefore obtains the equation 



Integrating this equation with respect to the pressure, one obtains 

p 

f(T,P) - f(T,P') = J vdP 

P' 

P' 

Now let P approach zero as a limit^^ jn the equation 

p 

f(T',P)-f(T',P') = RT' In?-, - f - v)dP, 

P' 

where T' denotes a constant greater than zero and P' denotes a constant 
greater than zero. Then the first term of the right hand member of this 
equation becomes negatively infinite and the last term of the right hand mem¬ 
ber approaches a limit since (RT/P—v) is continuous in the domain, o < T < 00, 
o<P^^(T), and 

(I) v)=K(T'). 

Therefore f(T',P) becomes negatively infinite when P approaches zero as a 
limit. 

Lewis and RandalFs equation of definition of the ratio of the fugacities in 
two isothermal states may be set in the following form, 

f(T,P) ~f(T.P') 

f(T,P) = f(T,P')e RT 

The fact that v becomes infinite is not sufficient to prove that 

/vdP 

P' 

becomes negatively or positively infinite when P approaches zero as a limit. An example of 
an inte^al that approaches a limit when the upper limit of integration approaches zero 
as a limit although the integrand becomes infinite is the following 

X 

lira f dx = — 2. 
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and P allowed to approach zero as a limit. Then from the fact stated by Lewis 
and Randall and proved above that the molal free energy becomes negatively 
infinite when the pressure approaches zero as a limit, it follows that 

! k(T'.P) -p(T'.P') 

lim e ht 

P *0 

= 0 ; 

where T' denotes a constant greater than zero and P' denotes a constant 
greater than zero. Thus the fugacity may be defined on the boundary, 
P = o, o<T<oo,by the equation 

(B) f(T,o)=o. 

Suppose that the standard state at any temperature be chosen as the state 
of zero pressure. Lewis and RandalP® state that: “in the limit, when P* 
[P of this paper] =0, we know that f* [f(T,P) of this paper] = P* by the 
definition of fugacity,” and according to them this choice of the standard 
state together with their equation of definition of the ratio of the fugacities 
in two isothermal states 

ffT P) 

(A) f(T,P) f(T,P') = RT In 

determines the value of f in any other state, that is, for any other values of 
T and P. This is plainly not the case. In the first place Lewis and RandalPs 
equation of definition of the ratio of the fugacities in two isothermal states 
will not give the ratio of the fugacities in the two isothermal states, (T',P') 
and (T',o), T', a constant greater than zero, P', a constant greater than 
zero, since the molal free energy becomes negatively infinite when the pre- 
sure approaches zero as a limit and thus the molal free energy is not defined 
in the state, (T',o). In the second place the equations 


and 


f(T',o) ^ ^ 

f(T',P') ' 

f(T',o) = o 


do not fix the value of f(T',P'). 

From Lewis and RandalPs equation of definition of the ratio of the 
fugacities in two isothermal states and the relation 


they conclude'^ that 



“ Op. cit., p. 193. 

Lewis and R^dall: Op. cit., p. 192. 
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and hence'® 




Lewis and Randall^* define the function, a, by the equation 

RT 


Thus 


a p V. 




Hence 


p 

p' 

= RT In ~ - Ja (T,P) dP. 

P 

P' 

RT In f(T,P') = RT In P' + RT In a (T,P) dP 


Lewis and Randall allow P to approach zero as a limit. Thus 


RT' In f(T',P') = RT' lim In 

P-O P 

P' 

+ RT' In P' - lim fa (T',P) dP, 
l>^oJ 
p 

where T' denotes a constant greater than zero and P' denotes a constant 
greater than zero. From the fact stated by Lewis and Randall that: ^ 4 n the 
limit, when P* [P of this paper] = o, we know that f * [f (T,P) of this paper] = P* 
by the definition of fugacity,^^ they conclude'’^ that 


(14) 


RT In f(T,P) = RT 


In P a (T, 


P) dP. 


This equation, however, does not follow mathematically from the definition 
laid down and the hypotheses made explicitly by Lewis and Randall. The 
ratio 


f(T,P) 

P 


is not defined when P=o, since division by zero is not a process defined in 
algebra. Nor does the theorem that the limit of the quotient of two variables 
is equal to the quotient of the limits of the two variables apply when the 


“ Idem. p. 193. 

“ Idem, p. 194. 

" Lewie and Randall: Op. cit., p. 195. 
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limit of the variable in the denominator is zero. When numerator and de¬ 
nominator both approach zero as a limit, their ratio may approach any limit 
whatever, or it may increase beyond all limit, or finally, although remaining 
finite, that is, always lying between two fixed numbers, it may jump about 
and so fail to approach a limit. Lewis and RandalP® make no attempt to prove 
that the limit of the indeterminate form is one 


(C) 




Pdto 


I. 


As a matter of fact there is no way of proving that the limit of the indeter¬ 
minate form is one 


(C) 


P^o P 


I. 


from Lewis and RandalVs equation of definition of the ratio of the fugacities 
in two isothermal states 

(A) f(T,P) - f(T,P') = RT In 

and assignment of the value zero to the function f(T,P) when P = o, 

(B) f(T,o) = o 


and therefore it does not follow mathematically from equations (A) and (B) 
that 


(D) 


RT In f(T,P) = RT In P- 



dP. 


0 


The reason why it is impossible to prove equations {C) and (D) from 
equations (A) and (B) is that equations (A) and (B) would be satisfied 
by an infinite number of possible continuous functions of the temperature, 
T, and pressure, P, that would not satisfy equations (C) and (D). For 
example, the function, fdefined by the equations 

p 

RT In f'(T,P) = K' + RT In P - a (T,P) dP 

O 

and 

f' (T,o) = o, 


where K' denotes any constant not equal to zero, satisfies equations (A) and 
(B) when f' is substituted for f, but does not satisfy equations (C) and (D). 
Thus equations (A) and (B) are not sufficient conditions to establish the 
truth of equations (C) and (D). 


In their chapter entitled *The Pugacity” (Thermodynamics and the Free Energy of 
Chemical Substances, pp. 19JO-202), which is devoted to the definition and evaluation of the 
fugacity and its partim derivatives, Lewis and Randall do not even state that the limit 
of the indeterminate form, f(T',P)/r, is one, 


lim 

PAo 


/(T'.P) 

P 


I. 



G. TUNBLL 


2894 

Of all the possible functions that would satisfy equation (A), the one that 
has the properties it is evidently the intention of Lewis^* and of Lewis and 
RandalF that the fugacity should have is the function, f(T,P) defined by the 
equation 

p 

RTlnf(T,P) = RTlnP- J ^^-v^dP, o< T<«, o<P^ ^ (T), 

O 

where P = ^(T), o<T< 00, is the equation of the boundary of the stability 
field of the gas separating it from the stability fields of solid and liquid. It is 
possible to define a function of the temperature and pressure by this equation 
because of the physical hypothesis (experimental fact) that 

(I) 

where T' denotes any constant temperature greater than absolute zero, 
and K(T') denotes at a given temperature a constant different from zero 
except at the Boyle temperature. This physical hypothesis (experimental 
fact) of course is not presupposed in the definition of Lewises free energy. 

In this paper the author therefore adopts as the definition of the fugacity, 
f, the equation 

p 

(X) RT In f(T,P) = RTln P - J (^ - v^dP,o<T< oo,o<P^^(T),“ 

0 

It follows immediately from this definition of fugacity that 

lim f(T',P) = o, 

P* o 

where T' denotes a constant greater than zero, and that 

- JL. ra (T'.P) dP 

lim f(T',P) _ lim e ; 

PAo—p- 

In “The law of physico-chemical change*' (Proc. Am. Acad., 37,68 (1901)) Lewis writes 
RT In ^ = RT In P - A« 

where ^ denotes the fugacity, and “A^ represents the total area bounded by the line MN 
[the isobar of the pressure P] and the curves MM* [the isotherm of the imperfect gas] and 
NN' [the hyperbola the equation of which is Pv=RT'] each produced to infinity." He 
does not write this equation as the definition of fugacity, however. 

Lewis and Randall (Op. cit., p. 195) also write 

p 

RT In f •= RT In P -J adP 
0 

although they do not give this equation as the definition of fugacity. 

^ It may be noted in passing that 

/(T,P) eF/(RT); 

the function e**/ (RT) depends on the integration constants of energy and entropy whereas the 
fugacity, f{T,P), does not; moreover f(T,P) has the dimensions of pressure wnereas e>'/(RT) 
is a pure number. 
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(XI) 


lim 

PAO 


f(T',P) 


I. 


Since the volume of one mol of the element or compound in the gaseous 
state is assumed to be a single-valued continuous function of the temperature, 
T, and pressure, P, in the domain, o<T<oo, o<P^ 0 (T), therefore the 
fugacity is also a single-valued continuous function of the temperature, T, 
and pressure, P, in this domain. This conclusion is based on two additional 
physical hypotheses that are obviously true physically, and on two theorems. 
These hypotheses and theorems will be stated in this paragraph. The first 
theorem is as follows. The difference of two functions each of which is con¬ 
tinuous in a domain is continuous in the same domain.^^ Thus a(T,P) is 
continuous in the domain, o <T < «>, o <P^<^(T). The physical hypothesis 
has already been made that 

lim a (T',P) = K(T'), 

P* o 

where T' denotes any constant temperature greater than absolute zero and 
K(T') denotes at a given temperature a constant different from zero^except 
at the Boyle temperature, and therefore a may be defined on the boundary, 
P = o, o<T<oo, by the equation, 

a(T,o) = K(T), 


where K(T) is some single-valued function of the temperature, T. The 
two additional physical hypotheses will now be made that K(T) is a continu¬ 
ous function of the temperature, T, in the interval, o<T<oo, and that 
a(T,P) is a continuous function of the temperature, T, and pressure, P, in 
the domain, o<T<oo, o^P^<#»(T). The second theorem is as follows. If 
a(T,P) is a continuous function of the two independent variables, T and P, 
in the domain, o<T< o^P^<^>(T), then the integral 

p 

J «(T,P)dP 

O 

is a continuous function of the two independent variables, T and P, in the 
same domain.^® Therefore the fugacity, f, is a single-valued continuous 
function of T and P in the domain, o <T < «, o <P^ 0 (T). 

The definition of the fugacity may be extended over the boundary, P = o, 
o <T < 00, by the equation 

(XII) f(T,o) = o, o<T<oo. 

The fugacity is then continuous on the boundary, P = o, o<T<oo. 

The equation of definition of the fugacity may thus be given also in the 
following slightly different form 

“ W. F. Osgood: **Lehrbuch der Funktioaentheorie/’ 5. Aufl., Bd. i, S. 12. 

** W. F. Osgood: 'Tehrbuoh der Funktionentheorie,” 5. Aufl., Bd. i, S. 123. 
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(XIII) f(T,P) = Pe 0 ,o<T<oc,oSPS«(T). 


When P=o, this equation reduces to f(T,o) = o, o<T< », which is equa¬ 
tion (XII). 

Differentiating f(T,P) with respect to P holding T fast, one obtains 

(XIV) RT(i|Lf)^.v. 


It has already been proved that 



Therefore from the definition of fugacity adopted in this paper it follows that 

(XV) f(T,P) - f(T,p) = RT ln|^^,o<T<cc,o<PS^(T),o<pg«(T), 

where^P and p denote the pressures constituting the limits of integration. 
Thus ecjuations (XV) and (XII) are necessary conditions, although, as has 
already been proved in this paper, they are not sufficient conditions,^^ to es¬ 
tablish the truth of equation (XIII). In equation (XV), T, P, and p are inde¬ 
pendent variables; therefore one may differentiate both sides with respect to 
T holding P and p fast. 

The partial derivative with respect to temperature of the logarithm of 
the fugacity, (d In f/dT)p, will next be evaluated by two methods, the first 
method being a completion of the incomplete derivation of Lewis and Ran¬ 
dall, the second a shorter and entirely independent method. In the first 
method use is made of certain points proved in the second method. The 
second method is, however, complete in itself and docs not depend on any 
results obtained in the first method. 

First method of evaluation of (d In f/dT)p. In the attempt to evaluate 
(d In f/dT)p by the method of Lewis and Randall let the differentiation just 
mentioned be carried out. Thus 


-ISS 

_^,^/ alnf(T,P) \ _ j^,j'/ alnf(T,p) \ f(T,P) - f(T,p) 
\ aT /p \ aT /p T 

From the definition of Lewis’s free energy it follows that 

From equation (III) it follows directly that 


^ It was proved that equations (A) and (B) are not sufficient conditions to establish the 
truth of equations (C) and (D); this is equivalent to proof that equations (XV) and (XII) 
are not sufficient conditions to establish the truth of equation (XIII). 
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and from equation (VII) that 


Hence 


/dE \ _ _ p/dv\ 

V^/p“ W/p’ 

that 

/ds\ _ Cp 

\dT/p“ T ■ 

/d f\ 

W/p~ 


-s(T,P) + s(T,p) = Rt(^ 


d In f(T, 


'd In f(T,] 


p(T,P) - f(T,p) 


And, since 


f = H — Ts, 


where h denotes Lewis’s molal heat content (Gibbs’s chi function for one mol, 
molal enthalpy, molal total heat, molal enkaumy), therefore 


- h(T,P) + h(T,p) _ /a In f(T 




Since the natural logarithm of zero is not defined, and since f(T,o)==o. 
therefore 

/ a In f(T,p) \ 

\ dT / p 

is not defined when p = o. Moreover the fact that 




affords no help here, because 

(d In f(T, 
V dT 


A f(T,p)V dT A 


and the right hand member of the last equation is also not defined when p = o. 
However, p may be allowed to approach zero as a limit. Thus 


Now h(T,P) and 

/ d In f(T,P) \ 

\ dT /V 

do not depend on p and may be taken out of the braces: 

- h(T',P) ,i^H(T',p) _/d In f(T.P)\ I /dlnf(T,p)\ I 

RT^^p“^^"V dT AIt-t- “roV dT AIt-t' 


do not depend on p and may be taken out of the braces: 
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It will be proved further on that 

lim h(T',p) = h(T 0 , 


where h(T) denotes a function of the temperature, T, continuous in the 
interval, o <T < qo . Hence 


- H(T^P) + h(T 0 _ / alnf(T,P) \ / alnf(T,p) \ 

RT\ dT /P T«T' p*o\ dT /p T-T' 


It remains to be proved that 


lim 

p sfc 0 


/a In f(T,p)\ 
\ dT A 


T«T' 



O. 


The first factor of the product 


I /df(T,p)\ 
f(T',p) V dT A 


becomes infinite; therefore it is not obvious that the product approaches zero 
as a limit, and this must be proved. Differentiating the equation of defini¬ 
tion of f 


RT In f (T,p) = RT In p 



with respect to T holding p fast, one obtains 

p 

R In f(T.p) + RT R In p - y«(T,p)dp)^; 

0 

E to + RT - (A_/.(T,p)dp)^. 

o 

Now 

o 

y«(T,p)dp = o 

0 

and 

p 

(S/«(T’P>^P)J..,- »■ 

o 

In a second method of evaluation of {d In f/dT)p, presented at the con¬ 
clusion of this method, it will be proved that 

p 

(±/.(T,p)dp)^ 

0 

is continuous on the boundary, p =o,o<T<«. Therefore 
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O. 


p|T«T' 


It has already been proved from the equation of definition of f given in 
this paper that 

liml™ = 

P*o P 


Therefore allowing p to approach zero as a limit holding T fast, one has 

p*0 \ 


I I = - R lim In — 

/p|t-t' p*o p 


p 

-“"(A/”™'*'’) 


p|t-t' 


= o. 


p|T-T' 


Hence finally 
(XVI) 


( 


a In f(T,P) \ ^ h(T) - h(T,P) 


aT / 


RT2 


This method of evaluation of (a In f/aT)p has been carried out in ac¬ 
cordance with the plan of the incomplete proof of Lewis and Randall. The 
proof given by Lewis and Randall is incomplete because they make no at¬ 
tempt to prove that 


lim 

p 0 


( 


alnf(T,p)\ 
dT / 


= o. 


p|T-T' 


but simply drop the term 


from their equation (28) 



with the statement** that: “In the gas at very low pressure the fugacity is 
equal to the pressure. Hence f * does not change with the temperature 
at constant pressure, and the next to the last term disappears.” The state¬ 
ment that: “at very low pressure... f * does not change with the temperature 
at constant pressure” is strictly only true when the pressure equals zero 
at which pressure 


** Lewis and Randall: Op. cit., p. 200. 
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is not defined; at any pressure above zero the fugacity differs from the 
pressure by an amount calculable from the equation 

p 

RT In f(T,p) = RT In p - a(T,p)dp 

O 

and 

does change slightly with the temperature at constant pressure.^® 

Second method of evaluation of (d In f/dT)p. The value of (d In f/dT)p 
in terms of h, h, R, and T can be obtained directly from the equation of 
definition of f of this paper without the use of equation (XV), and this deriva¬ 
tion is complete in itself. In the evaluation by this method the two gaps 
in the first method are filled at the same time; this method has the additional 
advantage that it is shorter than the first method. The proof, accomplished 
by means of Leibniz's rule, is as follows. Differentiating the equation of 
definition of f 


RT In f(T,P) = RT In P 


-/«(T, 


P)dP, o<T<oo,o<PS0 (T), 


with respect to T holding P fast, one obtains 

p 

R In f(T,P) + a(T,P)dp)^; 

O 

RT J^ (x,p)ap (T,P)dp)^, 

o<T< 00, o<P^<^(T). 

The function, a(T,P) has already been defined on the boundary, P = o, 
o <T < 00, by the equation 

a(T,o) = K(T). 


There is no objection of course on the part of the author of this paper to the use of 
approximate equations in many problems. Approximate equations are undoubtedly 
invaluable in many problems. However, Lewis rightly stresses the important role of the 
fugacity in “exact equations,/^ and therefore a clear statement of the underlying physical 
hypotheses, and rigorous derivations are vital. 

The fact that the experimental error increases and may ultimately exceed a as the 
pressure approaches zero as a limit does not justify neglect of the difference between the 
fugacity and the pressure at any pressure above zero in a rigorous development of the 
theory of thermodynamics, since the physical hypothesis (experimental fact) has been 
stated that 

Urn a(T',P) = K(T'), 

P»o 


where K(T') at a given temperature denotes a constant different from zero except at the 
Boyle temperature. To assume that at all pressures below a certain fixed pressure the 
fugacity is identical with the pressure would be to make a physical hypothesis in conflict 
with the physical hypothesis (experimental fact) just reviewed. 
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Two additional physical h3rpotheseB will now be made. The first is that 

I 

VdT^|p-o dT 

exists on the boundary, P = o, o<T<oo, and the second is that 

is continuous on the boundary, P = o, o<T<oo. Lewis and Randall do not 
mention these two hypotheses, but it is necessary to make the assumption 
that {da/dT)p approaches a limit when the pressure approaches zero as a 
limit in the evaluation of 

/ a In f(T,P) \ 

\ dT /p 

either by their method or by this method;it is not sufficient merely to assume 
that 

lim a(T',P) = K(T'), 

P=& o 

where K(T') denotes at a given temperature a constant different from zero 
except at the Boyle temperature. A geometrical representation (Fig. i) of 
a(T,P) makes clear the plausibility of the two physical hypotheses just 
stated. Applying Leibnizes rule to the partial derivative of the integral, 
one obtains 

p p 

o o 


and it follows at the same time that the right hand integral is a continuous 
function of T and P in the domain, o <T < 00, o^P^<;>(T).‘‘*^ Hence 


_^y.(T,P)dP - ^/T(^)^dP, o<T<., 

“ ° o<P^^(T). 

In the integral calculus the definite integral 


t] 

/ 


F(x)dx 


is first defined for a function, F(x), that is defined and continuous in a closed 
interval, a^x^b. The definition of the definite integral is readily extended 
in the case of a function, f(x), that is defined and continuous in the open 
interval, a <x^b, and that is finite in this interval, that is, 

*’ W. F. Osgood: “Lehrbuch der Funktionentheorie,” 5. Aufl., Bd. i, S. 123; “Advanced 
Calculus," pp. 461, 462. 
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|f(x)l<G, a<xSb, 

where G denotes a positive constant.** 

The function 

a(T,P) = - V, o<T<oo, o<Pg ^(T), 

f ulfills the latter conditions when T is assigned any value different from zero 
and then held fast, and the integral 

p 

v)dP,o<T<=o,o<PS.^(T), 

O 

is therefore defined. The same is true of the function 

and the integral 




o<T<«,o<PS<^(T), 


and hence it is also true of the function 

o<F^<t>{T), 


and the integral 

p 

-y^v - T(g)JdP,o<T<«,o<PgOT. 

O 

Therefore from the definitions laid down and the physical hypotheses made 
explicitly in this paper it follows that the integral 

/(’ - 

0 

is a function of T and P continuous in the domain, o <T < oo, o < Ps^0(T), 
and finite in the domain, o <T < oo, o <P^0(T). Since 

p p 

ya(T,P)dP = y- v)dP,o<T<ao,o<P^0(T), 


** It is of course also possible to extend the definition of the definite integral still further 
for a function, f(x), that is defined and continuous at all points of the open in^rval, a <x^ b, 
but which does not remain finite in the interval, but this possible further extension is not 
involved here. 
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and 

/Ks)/*’ '/(^- T(S),)dP,o<T<-,o<PS*(T), 

0 0 
hence 

o o 

P 

--wJi'’ - T(g),)dP,o<T<»,o<PS*(T). 
0 

From the first and second laws of thermodynamics and the definition of h 
it is readily proved that 



Hence 

p' 

f ~ ° “ h(T,P), o<T<oo,o<P£^(T), 

P 

where P' denotes a constant greater than zero. Hence 

p' 

Hm f(^v-V dP - H(T',P') = - lira h(T',P) 

P 

where T' denotes a constant greater than zero, and 

p' 

- VLiT',V') = - UmH(T',P). 

O 

This result may be stated in words: At a given temperature Lewis’s molal 
heat content (Gibbs’s chi function for one mol) approaches a limit when the 
pressure approaches zero as a limit. Further, the limit that the molal heat 
content approaches is a function of the temperature only; this limit will be 
denoted by h(T). Therefore 

P' 

-f(j- J dP = h(T 0 - h(T',P'). 

O 

In this equation T' denotes any value of T greater than zero and P' denotes 
any value of P greater than zero and the primes may now be dropped. Hence 
finally 

/dlnf(T,P)\ _ h(T) - h(T,P) 

V dT )t RT* 


(XVI) 
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The evaluation of the fugacity of a gas the volume of which is given by 
the equation of Beattie and Bridgeman^ will be carried out to illustrate the 
relations of the fugacity in a concrete case. The equation of Beattie and 
Bridgeman is easily integrated with respect to the volume at constant tem¬ 
perature, and since the conditions (I) and (II) presupposed in the definition 
of fugacity must hold if the equation of Beattie and Bridgeman is assumed, 
therefore it is easy to obtain the fugacity from this equation of state. The 
equation of Beattie and Bridgeman, which has been found by them to repre¬ 
sent the pressure-volume-temperature relations of the following gaseous 
elements and compounds He, Ne, A, H2, N2, O2, CO2, CH4, and (C2H6)20 
accurately over a wide range of temperature and pressure, is 


p = 5t^,v + b,-^., 


where T denotes the absolute thermodynamic temperature; P, the pressure; 
V, the volume; A = Ao(i — a/v); B = Bo(i — b/v); e = c/(T®v); R denotes 
the gas content; A, B, a, b, and c denote constants that depend on the kind of 
substance under consideration. The basis of the equation in kinetic theory 
has been stated by Beattie and Bridgeman**® as follows: 

*‘The proposed equation rests upon the two main assumptions that the 
kinetic and cohesive pressures can be treated separately and that the law of 
force (the specific form of which does not enter into the treatment) shall be 
such that it will diminish rapidly with distance. Both of these assumptions 
are common to the treatment of a large number of kinetic theory problems.” 

“In the deduction of [the equation], general physical considerations have 
been presented rather than detailed computation founded on the assumption 
of certain laws for the distribution of velocities and for the forces acting be¬ 
tween the molecules. The first reason for this choice is that the utility of an 
equation of state depends largely upon its ability to reproduce the measured 
pressure-volume-temperature data and to give accurate values for the ther¬ 
modynamic derivatives, and hence in the evaluation of the specific form of 
functions used much consideration was given to the representation of the 
experimental measurements. In the second place, [the equation] differs from 
the Lorentz equation of state, which has been deduced in a rigorous manner 
from the general laws of kinetic theory, only in that the three second order 
constants a, b and c have been introduced.” 

The equation satisfies the general relations that are satisfied by real gases. 
Thus 

Pi o i 

where T' denotes any constant greater than zero, and 

J. A. Beattie and 0 . C. Brideeman: A new equation of state for fluids, Proc. Am. 
Acad., 63 ,229 (1928); also J. Am. Cnem. Soc., 50 , 3133 (1928). 

*®Proc. Am. Acad., 63 , 240 (1928). 
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lima(T',P) p v) 

The isotherms of a(T,P) for nitrogen calculated from the equation of Beattie 
and Bridgeman. and based on their constants for this gas are represented 
graphically in Fig. i. The deviations of the calculated values of a(T,P) from 
the experimental values of Holbom and Otto, Onnes and van Urk, Verschoyle, 
and Bartlett are small on the scale of this diagram in the range of the plotted 
curves: the calculated and the experimental values of a(T,P) along these 



Fig. I 

Isotherms of the alpha function for nitrogen calculated from the Beattie>Bridgeman 
equation (constants of Beattie and Bridgeman). The differences between the calculated 
values of alpha and those determined experimentally by several investigators are small on 
the scale of this diagram in the range of the plotted curves (See Table I). 


isotherms are given in Table 1 .*^ The variation of a(T,P) with pressure at 
constant temperature has been discussed; a diagram showing the variation 
with temperature at constant pressure of the experimental values of a(T,P) 
for nitrogen has been published recently by W. Edwards Deming and Lola 
E. Shupe.^2 From the equation of Beattie and Bridgeman it follows that 



RT I T» ^ ^ ° RT 


(Bo 


A„ 

RT 



The calculated values of the pressures at different volumes along these isotherms are 
taken from the table of Beattie and Bridgeman, as are also the ei^rimental values of 
Holbom and Otto, Onnes and van Urk, Verschoyle, and Bartlett: ^oc. Am. Acad., 63 , 
282-284 (1928). 

» Phys. Rev., (2) 37 , 641 (i 930 - 




The Pressure and Alpha Function of Nitrogen along Isotherms and Isometrics’ 


2906 


G. TUNELL 



+ 



0 


M 

0 


w 

d 


M 

M 

+ 



+ 



0 


VO 

0 


d 

d 


M 

M 

+ 



+ 


0 

0 

PO 

fO 

0 

PO 

On 

d 

Ov 

0 

+ 

O' 




01 

00 

00 

M 

00 

0 

00 

00 

+ 

00 

M 

M 

M 

0 

0 

M 


0 


1 "* 

+ 

t— 

0 

M 

0 

0 

0 

M 

VO 

d 

VO 

VO 

+ 

VO 


M 

PO 

0 

0 


10 

d 

10 

VO 

+ 

VO 


0 



Cl 

Ov 

Cl 

M 

M 

00 

10 

0 

to 

0 

Cl 

0 


0 

M 

d 

Cl 

00 

d 

00 

d 

4 

d 




ON 

1 

Ov 

1 

'Sf 

+ 

rl* 

1 

t>» 


M 

w 

VO 

Cl 


M 

Cl 

vO 

10 

0 

0 

00 

0 


0 

Cl 

d 


PO 

d 

Cl 

d 

PO 

d 

PO 



**>. 

1 

w 

1 

PO 

+ 

PO 

00 


0 

Cl 

PO 

N 

o> 

M 

ei 

0 


0 

0 

0 


0 

Cl 



00 

d 

00 

d 

Cl 

d 

Cl 




1 

•pf 

1 

Cl 

+ 

Cl 

00 


00 

Cl 

VO 

Cl 

VO 

H 

VO 

10 

r** 

0 


0 

M 

0 

M 

cs 

d 

PO 

d 

PO 

d 

M 

d 

M 



<s 

1 

Cl 

1 

M 

+ 

M 


>1 s S' 


fU ii les fcga 

'(S a fi: -s s-s d; rt b“S ^ -s B a £ -5 B 


O <D J 

S w 
» S! Q 


to 

^ flT^ 

S b-ft 


^ i 0. 

> I s 

^ g S 


W u 

e3 13 o ^ 

U O Ph P 5 


o3 "3 . 

u o « 


o R liters/mol +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.00+ +0.00+ +0.00+ 

a The values of the pressure in this table are taken from the table of Beattie and Bridgeman: Proc. Am. Acad.^ 63 , 282-284 (^ 9 ®®)* 
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and that 

/^\ I ^ ^ ^ 

\dT/p|p.o RT2 T^- 

Beattie and Bridgeman*"*® write that their '^equation of state extrapolates to 
low pressures with a high degree of accuracy^ ^ and it is therefore suitable for 
use in the calculation of fugacity. In order to make this calculation one 
integrates the equation 



proved on page 2896, with respect to P, obtaining as a result 

p' 

RTln|^ = y’vdP,o<T<«,o<P^«(T), 

P 

where P' denotes a constant greater than zero. Now T and v may be made 
the independent variables instead of T and P, and v may be allowed to be¬ 
come infinite. Thus 


RT'lnf(T',v') = lim rRT'ln v f(T',v) - ^ + 3bB„RT' 


too L 


T'^v 


2V^ 


SaAo 

3cBoR 

4bBocR 

J- RT'lnv' ■+ 

2B0RT' 

2V* 


3 T'*v» . 

v' 

2 Ao 

2cR 

3 bB„RT' 

3 aAo 3 cB„R 

1 4 bBocR 


'P'iy' 

2v'2 

2V'* 2T'*v'*^ 

^ 3T'*v'»’ 


where T' denotes a constant greater than zero and v' denotes a constant 
greater than or equal to where v == ^>(T), o <T < «?, is the equation of 

the boundary of the stability field of the gas separating it from the stability 
fields of solid and liquid. It has already been proved that 


lim 

v^oo 


f(T',v) 

p 


= I, 


and thus application of the theorem that the limit of the product of two 
variables is equal to the product of the limits of the two variables leads to 
the result: 


lim 

V *00 



(Pv) = RT'. 


Hence the fugacity calculated from the equation of Beattie and Bridgeman 
is obtained in the form 


*PT' 

lnf(T',vO = lni^ + 


2B0 

"v^ 


2 Ao 
RTV 


2c _ sbBo , saAo _ 

T'»v' 2V'=* 2 RT'v'® 

3 cBo . 4 bBoC 


“ J. Am. Chem. Soc., 50 , 3157 (1928). 
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and in this equation the primes may now be dropped since T' is any value 
of T greater than zero and v' is any value of v greater than or equal to <[^(T'). 
The result may also be written in the virial form 

lnf(T,v) In ^ +RTv'''2 RTv*'^3RTv*’ 

where 

/3 = RTBo - Ao - 

7- -RTB„b + Aoa-^, 

^ RBobc 

For gaseous nitrogen the constants have the following values according to 
Beattie and Bridgeman:*^ 

Ao = 1.344s, atmospheres X liters^ 4- mols^; 

Bo = 0.05046, liters 4 - mols; 
a = 0.02617, liters 4 - mols; 
b = —0.00691, liters 4- mols; 
c = 4.20 X 10^ degrees Kelvin® X liters 4 - mols; 

and thus 

1^ HT 0.10092 _ 2.6890 _ 84000. 0.001046 

inui,v; - in —-h — "W" 2v® “ 

0.10556 _ 6358. _ 58.578 
2 RTv 2 2 T«v 2 3T®V® ' 

where T is measured in degrees Kelvin; v, in liters per mol; and f, in atmos¬ 
pheres. The constants of Beattie and Bridgeman are based on experimental 
determinations extending from —148.58^0. to 4oo®C. and up to 133.91 
atmospheres and the equation for the fugacity based on these constants can 
only be expected to hold very accurately within this range. 

A table of the specific volumes and fugacities of nitrogen (as well as 
other thermodynamic properties) at different temperatures and pressures 
from — 7o®C, to 6oo®C. and up to 1200 atmospheres based on experimental 
measurements from — 7o®C. to 4oo®C. and up to 1000 atmospheres has been 
published recently by Deming and Miss Shupe.®® The fugacities were com¬ 
puted from the smoothed values of a by Lewis and Randall^s graphical method. 
This table illustrates very clearly the relations of the temperature, pressure, 
and fugacity. The values of the pressure and fugacity at o®C. and 0.18182 
liters per mol (6.490 cc. per gram) calculated from the equation with the con¬ 
stants of Beattie and Bridgeman are: pressure, 122.17 atmospheres; fugacity, 

“ J. Am. Chem. Soc., 50 , 3136 (1928). 

"Phys. Rev. (2), 37 , 638 (193O. 
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117.81 atmospheres; those interpolated^ in the table of Doming and Miss 
Shupe are: pressure, 121.87 atmospheres; fugacity, 117.79 atmospheres. This 
is the highest pressure at this temperature at which the equations with the 
constants of Beattie and Bridgeman can be expected to yield very accurate 
values of the pressure and fugacity. It may be added that Doming and 
Miss Shupe®^ have also published a set of constants for the equation of Beattie 
and Bridgeman based on experimental measurements in the range, — 7o®C. to 
4oo®C. and up to 1000 atmospheres. Their constants differ slightly from 
those of Beattie and Bridgeman, presumably due to the fact that they are 
based on measurements extending over a wider range of pressure. Doming 
and Miss Shupe state that: ‘The agreement between observed pressures and 
those calculated [from the equation of Beattie and Bridgeman with the 
constants of Doming and Miss Shupe] is remarkably good down to v = 3 cc. 
per g. [0.084048 liters per mol] over the entire temperature range ... Thus the 
equation . . . reproduces trends and pressures satisfactorily from — 7o°C. to 
4oo®C. down to 3 cc. per g. Below 3 cc. per g. the calculated pressures are 
invariably too low, and the discrepancy becomes very large at low tempera¬ 
tures and low volumes.” 

Conclusion 

The definition of fugacity adopted in this paper, namely, 

p 

(X) RTlnf(T,P) = RTlnP- v^dP, o <T< o<PS.^(T), 

O 

f(T,o) = o, o <T < 00, 

or, in the equivalent form, 

y'«(T,P)dP 

f(T,P)-Pe o , o<T<oo,o^P^(/>(T), 

is based on the physical hypothesis (experimental fact) stated by Lewis and 
Randall that 

where K(T') denotes at a given temperature a constant different from zero 
except at the Boyle temperature. This equation of definition is an equation 
that is used in the experimental determination of fugacity, and it has been 
shown to lead directly and rigorously to the equations that Lewis and Randall 
write as their definition of fugacity. This equation of definition of fugacity 
cannot, however, be proved from the definition of Lewis and Randall, 
although it is an equation that Lewis and Randall write for the fugacity, 
since their definition is satisfied by an infinite number of possible functions 
of the temperature and pressure different from the function defined by 
equation (X) as well as by the latter function. 

The interpolated values were kindly supplied by Dr. Deming and Miss Shupe. 

J. Am. Chem. Soc., 52 , 1388 (1930). 
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The definition of this paper also shows on inspection that the fugacity 
has the dimensions of pressure, and the character, stressed by Lewis and 
Randall,’** of an “ideal vapor pressure.” 

Beattie and Bridgeman have presented an equation of state that they 
find represents the pressure-volume-temperature relations of many gases very 
accurately over a wide range of temperature and pressure. The alpha func¬ 
tion of gaseous nitrogen calculated from the equation of Beattie and Bridge- 
man with their constants is represented graphically in Fig. i. A comparison 
of the values of alpha calculated from the equation of state with those re¬ 
sulting from experimental measurements by several investigators is given in 
Table I. Beattie and Bridgeman write’** that the “equation of state extra¬ 
polates to low pressures with a high degree of accuracy”; it is therefore 
suitable for use in the calculation of fugacity. This calculation has been 
carried out and the equation of the fugacity obtained. The fugacity equation 
of gaseous nitrogen is presented with numerical coefficients based on the 
constants of Beattie and Bridgeman. 
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WATER RELATIONSHIPS IN COLLOIDS 
1 . Vapor Pressure Measurements on Elastic Gels'* 


BY DAVID R. BRIGGS 

Van Bemmelen,' who in 1894 first studied the relationship existing be¬ 
tween the amount of water present in a gel and the relative vapor pressure 
exhibited by that water, used silicic acid as his experimental gel and obtained 
his results by allowing samples of the gel to come to equilibrium over H2SO4- 
HjO mixtures of varying relative vapor pressures. He found that the relation¬ 
ship was not a reversible one, but depended to a great extent upon the previous 
history of the gel, i.e., different values for the relative vapor pressure of the 
HjO were obtained at the same H2O content of the gel depending upon 
whether or not the gel had reached that particular HjO content from a wetter 
or a dryer state. 

Where van Bemmelen had used desiccators containing H2S04-Hj0 solu¬ 
tions of varying relative vapor pressures and had allowed the gels to reach 
equilibrium against these, a process requiring weeks, Zsigmondy’ repeated 
and extended his work using a quicker method resulting from an evacuation 
of the desiccators, thus allowing the vapors to reach equilibrium unhampered 
in their motions by air. His results were very similar to those of the earlier 
work but he found in addition that, as the gel aged, the amount of H2O which 
it would hold against a given relative vapor pressure was decreased and the 
value became more nearly independent of the history of the gel. He found 
that CuO and Fe203 gels acted similarly to Si02 gels in that the un-aged gel 
showed this lack of reversibility of the water content-R.V.P. relationship. 

There is another group of gels, however, the members of which do not 
exhibit this phenomenon of irreversibility of the relative vapor pressure 
curves. To this group belong such gels as those of the proteins, carbohydrates, 
and other plant and animal colloids. These are known as elastic gels to dis¬ 
tinguish them from the non-elastic gels such as those studied by van Bemmelen 
and Zsigmondy. Katz® appUed the method of van Bemmelen to a study of 
the vapor pressure isotherm of a large number of these gels, and found that the 
water held by these gels at equilibrium against a given H2SO4 soln. of given 
relative vapor pressure was the same, independent of the amount of water 
with which the gel had previously been associated. He was not able to obtain 
very definite results when he used Zsigmondy’s improved method. Katz 
made measurements upon a large number of these gels, finding them to follow 

* Contribution from the Otho S. A. Sprague Memorial Institute and the Department of 
Pathology, University of Chicago. 

1 J. M. Van Bemmelen: Z. anorg. Chem., 5 ,466 (1894); 13,233, (1897); 18,14,98 (1898); 
30 , 265 (1902). 

*E. Zsigmondy: Z. anorg. Chem., 71 , 356 (1911); Physik. Z., 14 , 1098 (1913). 

' J. R. Katz: Kolloidchem. Beihefte, 9 , i (1917). 
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characteristic Snshaped curves, very similar to each other in form though 
varying markedly in the actual amounts of water held at a given relative 
vapor pressure by unit mass of dry gel. 

This R.V.P.-H2O content curve is a very important characteristic of a 
gel. Since the relative vapor pressure exhibited by the water over a solution 
or in the interstices of a colloid is a direct measure of its activity coefficient, 
these curves resolve themselves into H2O content-H20 activity coefficient 
curves. From such a curve it becomes possible to estimate the amount of 
water which a given colloid will retain in any system so long as we know the 
coefficient of activity of the H2O against which it is in equilibrium, and pro¬ 
vided the system is such that the colloid is unchanged in its chemical state. 
This curve serves thus as a measure of the water-binding capacity of a given 
colloid, and all methods for measuring the amount of water assbciated with 
the colloid should give points on the curve corresponding to the relative activi¬ 
ties of water at which the measurements are made. The manner in which this 
curve applies to measurements of ‘‘bound water” will be described in a follow¬ 
ing section. 

The method used by Katz for determining the water content of elastic 
gels at various relative vapor pressures, besides being very slow and time 
consuming, is open to the danger of having the gel attacked, especially at 
the higher relative humidities, by molds and other organisms. Such action 
would cause a change in the chemical nature of the material, thus destroying 
the validity of the results. A quicker method for finding the relative vapor 
pressures of such substances is therefore desirable. 

When attempting to determine the activity* of water in a system, it is, 
of course, seldom possible to obtain the accuracy from vapor pressure meas¬ 
urements that can be gained from freezing point determinations, especially 
when the activity of the water in the system under consideration is not 
greatly different from that of pure water. With gels, however, the amount 
of water present thruout the course of the H2O content-H20 activity curve is 
of the order of the weight of the dry gel itself or, usually, less. Such gels are 
really merely moist powders upon which freezing points, though definitely 
obtainable, are subject to a large percentage of error. This is due to the fact 
that, in such a material, heat conductivity is very low, the total heat change 
upon freezing is small, the consistency of the material makes it impossible to 
mix it well during the cooling process, and the undercooling is usually large. 
The thermometer or thermocouple used in the determination therefore shows 
the thermal changes only with a low degree of approximation, and the calcu¬ 
lated activity of the water is much less accurate than is to be obtained thru 
vapor pressure measurements. 

The method used in the experiments herein described for determining the 
relative vapor pressures of the gels is one which had been used for determining 
vapor pressures of liquids by Smith and Menzies.^ The instrument is called 

* Whenever the term ‘‘activity’^ of water is used in this paper, it is to be understood to 
signify the relative activity or activity coefficient of the water. 

^ A. Smith and A. W. C. Menzies: J. Am. Chem. Soc., 32 , 1412 (1910). 
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an isotenoscope, and may be best described by reference to Fig. i. The 
isotenoscope itself (A) consists of a bulb (X) in which the material, the vapor 
pressure of which is desired, is placed. This, when working with liquids, 
may be sealed on to the rest of the instrument, but, in the present case, where 
solids and semi-solids are to be used, it is made to connect with the remainder 
of the instrument by a well-ground joint which is always sealed with a good 
vacuum wax. In the U-tube (Y) of the isotenoscope is placed a small amount 
of liquid, this acting as a manometer to indicate when the pressure inside the 
bulb (X) is the same as that in the outside part of the system in which the 



mercury manometer (B) is placed. This liquid may be the same as that in¬ 
side the bulb (X) if a liquid is being examined but otherwise must be some 
liquid of negligible vapor pressure (at the temperature at which determina¬ 
tions are to be made). In each arm of the U-tube are placed small chambers 
(Z) which serve to allow gases to pass thru the U-tube without blowing the 
liquid over into (X) or out into the other parts of the system. 

To make a determination of the vapor pressure of water contained in a 
semi-dry gel, the isotenoscope containing the sample in the bulb (X) is placed 
in a water bath of known and accurately constant temperature and connected 
thru a rubber pressure tube with the outside system consisting of a mercury 
manometer (B), a large airtight chamber (C) and a vacuum pump. The 
system is then evacuated until the water vapor from the sample in (X) is 
passing over freely into the external system. The liquid used in (Y) is a clear 
petroleum oil of negligible vapor pressure. The construction of the isoteno¬ 
scope is such that when the vapor begins to move freely (at low pressure) 
from the sample, any air in (X) will be quickly carried over and thru the 
U-tube. When this has occurred the pressure in the external system can be 


WATER REliATIONSHIPS IN COLLOIDS 


2917 


again increased by opening valve (V) in chamber (C) until the level of the oil 
in the U-tube manometer (Y) is at the same height in both arms, signifying 
the pressure to be the same in all parts of the system. The stop-cock in the 
manometer (B) can then be shut off and the pressure read at will. A catheto- 
meter may be used to read the difference in the height of the mercury in the 
two legs of this manometer. The object in having chamber (C) in the system is 
to make it possible to vary the pressure in the external system gradually in 
order to be able to catch the liquid in (Y) at exactly the same height in both 
arms of the U-tube. When the vapor pressure of a liquid is being measured, 
there is required little time for the sample to come to equilibrium after 
exhausting the system, but when the sample consists of a semi-dry powder as 
much as an hour may be required for equilibrium to be regained. The actual 
amount of water removed from the sample in (X) is very small but it, of 
course, must all come from the surface region of the particles of powdered gel 
and time is required for equilibrium to be reestablished between the inside of 
the particle, the surface, and the vapor above it. For this reason it is well 
to have the gel ground to a fine powder before wetting. 

In preparing the sample, the dried material is ground to pass a 60 mesh 
screen, is weighed into one gram lots and then, just before the determination 
is to be made, is mixed with the desired amount of water (approximately) 
from a micropipette. The mixing is carried out as quickly and thoroughly as 
possible on a glass plate with a spatula and removed quickly into the vessel 
(X) of the isotenoscope. After the vapor pressure has been determined, the 
sample is removed to a weighed bottle, weighed, desiccated and weighed again 
to determine the exact amount of water contained by the dry solid at the time 
its vapor pressure was obtained. 

The results obtained by this method can be repeated using the same ma¬ 
terial (distilled water) to an accuracy of approximately o.i mm. mercury in 
vapor pressure. At 2 5®C, the temperature at which most of the readings were 
made in these experiments, where the vapor pressure of pure water is 23.517 
mm. mercury this would amount to an error of 0.4% to 0.5%. With the 
moist powdered gels the accuracy was not so high, being of the order of 
about 

In order to find out how well the H2O content-H20 activity curves ob¬ 
tained by this method agree with those determined by allowing the gel to 
come to equilibrium with H2SO4-H2O mixtures in desiccators at constant 
temperature, the curves were determined on four substances by both methods. 
These substances were cellulose (filter paper), casein (nach Hammarsten), 
fibrin (crude), and agar (Merck). The accompanying graph. Fig. 2, illus¬ 
trates how well the two methods agree. In that part of the experiment in 
which the gel was allowed to come to equilibrium with H2O-H2SO4 mixtures, 
the relative vapor pressures of these mixtures were calculated from deter¬ 
minations of their specific gravities and data found in Landoldt-Bornstein’s 
Tables. The weighed samples of dry colloid were placed over the mixture 
for a period of six weeks and kept at a constant temperature of 4o®C. They 
were removed weekly, weighed, and mixed up to allow more uniform ab- 
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sorption of water. The Hj 0 -H 2 S 04 solutions were renewed at the same time. 
Equilibrium had been reached at the lower relative vapor pressures at the 
end of three weeks and altho the change was very slow at the end of six weeks 
for the samples of higher relative vapor pressures it is doubtful if they had 
entirely reached equilibrium at that time. The only deviation between the 
two methods is to be seen at the higher relative vapor pressures, and, of the 
two methods, the isotenoscope method would seem to be the more acciurate 
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in this region of the curve; the curves obtained by this method appear more 
rational. 

It is possible to use the isotenoscope method on gels down as far on the 
H2O content-H20 activity curve as an activity of 0.3 with considerable 
accuracy. For measurements at water contents of the gel so low as to give a 
relative vapor pressure of less than 0.3 the isotenoscope cannot be used with 
the degree of accuracy that may be attained from measurements made at 
equilibrium over H2SO4 solutions of low relative vapor pressures. When the 
relative vapor pressure or activity coefficient of the water in the gel reaches 
a value of .98 and above, the determinations usually can be more accurately 
attained from freezing point observations, but in this region of the curve 
the isotenoscope method of measurement is much more accurate than the 
method based on equilibrium being attained over H2SO4-H2O mixtures. 

It is to be remembered that with these ^^elastic^' gels the equilibria ob¬ 
served between the gel and the water it contains are truly reversible and 
therefore subject to thermodynamic considerations. These have been most 
ably described by Katz.^ 

The activity of water may be taken as a measuring rod defining the 
physical status of the water present in a system. When the activity of water 
is varied it is an indication of a corresponding change in the free energy 
content of that water. There are, in general, two manners by which the free 
energy content of a solvent may be decreased, temperature remaining constant. 
The first is that which is characteristic of ideal dilute solutions in which the 
entire energy change during dilution consists in a kinetic energy exchange 
between the molecules of the added solvent and the molecules of the solvent 
already present in the solution. In this case, the energy lost by the added 
solvent is equal to that gained by the solution and there is no evolution or 
adsorption of heat accompanying the change in the activity of the solvent. 
The second manner in which the free energy content of the solvent may be 
decreased is that which is characteristic of concentrated solutions. Nernst^ 
defines the ideal concentated solution as one in which all changes in the free 
energy content of the solvent are accompanied by an evolution or absorption 
of an equivalent amount of heat by the system. In this case the forces acting 
to change the activity of the solvent are gravitational in nature; the free 
energy lost by the added solvent is converted into potential energy capable 
of doing useful work, or in the absence of a mechanism designed to transform 
this potential energy into useful work, is evolved directly as heat. 

Concerning that portion of the H2O activity-H20 content curve for any 
material in which the maximum work done or the total free energy change 
in the solvent, —A A, as calculated from the equation— 

— AA =* RT In pi/p2 

(pi and P2 being the vapor pressures of the H2O in the two limiting points of 
such portion of curve) is equal to the change in total energy of the system, 
—AE, Nemst has drawn certain important conclusions, viz., 

»W. Nernst: Wied. Ann., 53 , 57 (1894). 
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(1) The system is following the laws of ideal concentrated solns. 

(a) dE/aT = o, and there is no change in the heat of dilution (in¬ 
hibition) with temperature. 

(b) AA == AE, and a given change in A may under proper conditions 
be converted into work with a high degree of efficiency. 

(2) The decrease in the activity of the water present is brought about 
completely by gravitational forces (forces of attraction) and not by the 
kinetic energy exchanges which attain a similar result in dilute solutions. 

The free energy content of a mol of water will be the same at a given rela¬ 
tive activity and temperature regardless of the manner in which the activity 
may have been modified. The great difference between these two type 
systems (ideal dilute soln. and ideal concentrated soln.) lies in the fate of the 
free energy lost by the water during the process by which its activity was 
modified. In the first instance, i.e., that of an ideal dilute solution, free 
energy lost by solvent used to dilute the solution is converted quantitatively 
into an increase in free energy of the solvent already present in the system. 
The amount of kinetic energy possessed by each solute molecule is equal to 
that which that molecule would possess if it were a gas at the same tem¬ 
perature and doesn't change with concentration. In the second case, that of 
an ideal concentrated solution, the activity of added water is decreased by 
coming under the influence of forces of attraction or gravitation, probably 
electrostatic in nature, existing in the environment of the surfaces of the 
foreign molecules, in such a manner that the molecules of H2O have their 
kinetic energy decreased, likewise their free energy, to an extent proportional 
to the strength of the force acting to retain them in the environment of 
these surfaces. 

The important point in this connection is, that while the relative vapor 
pressure or activity of the water in either of these two systems might be the 
same (and would be at equilibrium) the fate of the free energy lost by the 
water in coming to this activity is quite different in the two cases. 

While no system will belong absolutely to either one of these types of 
solutions, the dilute solutions of crystalloids tend toward ideal dilute solutions 
while the concentrated solutions of such crystalloids as H2SO4 and of col¬ 
loids in general tend toward exhibiting the properties of ideal concentrated 
solutions. 

It is not possible by measurements of the relative activity of water in a 
given system to determine to what extent each of these two manners by which 
the activity of the water may be influenced, may be acting upon the water 
in that system. Freezing point determinations on solutions of colloids de¬ 
signed to find the molecular weight of those colloids, for example, must always 
be open to the criticism that an unknown fraction of the freezing point de¬ 
pression will be due to the reduction of the activity of the water by the 
imbibitional forces active at the surfaces of the colloid micellae. The relative 
importance of these two methods by which the activity of the water can be 
influenced, can only be found by a comparison of the total free energy change 
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in the water, A A, with the total energy lost from the system, AE, during the 
process of dilution. When AE = o, the laws of dilute solutions are being 
obeyed and there is none of the influence upon the activity of the water due 
to the gravitational forces between components of the system. If A A = AE, 
the entire change in the activity of the water is due to these forces. Inter¬ 
mediate conditions would be observed when A A > AE and AE > o. It is 
characteristic of ideal dilute solutions that the relative vapor pressure of the 
solvent for any given concentration of the solution does not change, with 
temperature, i.e.. 

In ( po-p)/p _ 

T 

That this is not true for those solutions in which there is an evolution or 
absorption of heat with dilution, has been demonstrated.* In this case the 
value (po-“P)/p is found to diminish slightly with increased temperature. The 
greater the heat lost when a given amount of colloid is mixed with a given 
amount of water, the more markedly will the value (po—p)/p be found to 
vary with temperature. 

Katz has shown that colloids follow the laws of concentrated solutions as 
their water content is varied from zero water content up to a water content 
corresponding to a relative vapor pressure of 0.20 to 0.30. Thru this region 
of the H2O content-H20 activity curve, — AE is equal to — AA. As more 
H2O is added, however, very little more heat is evolved, which may be taken 
to indicate that the loss of free energy by this added water is being converted 
into a gain in free energy of the water previously added or by the gain in 
kinetic energy of the colloid micellae, accompanied by a tendency for the 
micellae to pass into true solution. 

Table I illustrates that the value of (po“P)/p does not vary appreciably 
for a colloid (fibrin) of a water content corresponding to an activity of 0.60, 
between temperatures of 45°C and i5°C. These data were obtained upon a 
single sample in the isotenoscope placed in a bath, the temperature of which 
could be varied to and held constant at any temperature within the range 

Table I 


Temp. 

Vapor pressure 

H2O 

Observed 

(Po-p)/p 

44 - 9 ‘’C 

71.10 mm 

44.7 mm 

.629 

40.5 

56-35 

35-6 

.632 

364 

45-16 

28.6 

• 633 

to 

b 

3538 

22.3 

-631 

28.8 

29.40 

18.3 

-623 

24.9 

23.40 

14.9 

-637 

20.6 

18.03 

II. 2 

.621 

16.4 

13-86 

8.6 

.620 

14.4 

12.19 

7.6 

.623 


' See Nemst: ‘Theoretical Chemistry/* 123 (1923). 
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given. Similar results are given by other colloids and at activities varying 
from 0.4 to i.o. At the lower activities results were not so definite, but even 
at activities as low as 0.25 there was to be observed no variation of the value 
(po —p)/p with temperature which could be definitely taken as greater than 
the error of the experiment. It is to be concluded therefore, that measurements 
observed on the activity of water in colloids at 2 5®C with the isotenoscope 
will not vary appreciably from the activity which the water in the same system 
would show at, say, 37°C or o°C. Values so obtained should, therefore, be 
applicable to conditions at body temperature or to results obtained by the 
freezing point method, a comparison which is made later in the discussion of 
“bound water^’ measurements. 

It is also to be concluded from these and from the data of Katz that water 
associated with a colloid in amounts up to that required to show an activity 
of 0.20 to 0.40 on the H2O contcnt-H20 activity curve for that colloid, is 
bound to or associated with the colloid primarily in accordance with the laws 
of ideal concentrated solutions but that the additional water needed to bring 
the activity to any higher value on the curve is bound to or associated with 
the colloid mostly in the manner which is characteristic of dilute solutions. 
The amount of water bound by a colloid between activities o and 0.40 is 
always found to be smaller than that bound between activities 0.4 and i.o, 
but that found in the former region of the curve is much more strongly bound 
than that in the latter. 

While it is not possible, from activity measurements on a given system, 
to estimate how much of the water in that system may have been brought 
to that activity by each of the two possible manners just described, it is 
possible under certain circumstances to find out in what manner acid or 
alkali added to a protein may influence the water-binding capacity of that 
colloid. For instance, if an electrolyte-free, isoelectric protein were inves¬ 
tigated, the H2O activity-H20 content curve would be that of the pure colloid. 
If then, to this isoelectric protein were added acid or alkali in an amount 
such that there resulted a protein salt containing no appreciable excess of 
acid or alkali, and a similar curve determined for this protein salt, the added 
water-binding capacity at any given activity of water should give some indi¬ 
cation as to the mechanism by which these bound crystalloid ions might be 
influencing the water-binding capacity of the protein. Since the swelling 
capacity of a colloid and its water-binding capacity must be very closely 
related if not identical phenomena, light thrown on one should serve to 
elucidate the other. 

A sampJe of casein was prepared by precipitation at its isoelectric point 
according to the method of Van Slyke and Baker.® It was found to be very 
nearly free from ash, containing only 0.11%. A 10 gm. sample of this casein 
was titrated (in 100 cc. H2O) with NaOH until it showed approximate neu¬ 
trality to indicators. After 30 minutes of continued stirring in order to allow 
equilibrium to be attained, the pH was determined electrometrically and found 

«D. D. Van Slyke and J. C. Baker: J. Biol. Chem., 35 , 127 (1918). 
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to be 6.9. The amount of NaOH required was 46 cc. of .1205 N NaOH or 
0-555 X io~* equivalents of alkali per i gm. of casein. To a second 10 gram 
sample of casein was added i.ii X io~* equivalents of NaOH per gm. of 
casein, and to a third sample was added 0.555 X io“* equivalents of Ca(OH)i 
per gm. of casein. The second sample showed a final pH of 10. i and that 
containing the Ca(OH)i was of pH 6.4. 
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These samples were carefully dried at 3S®C under vacuum and then ground 
to pass a 40 mesh screen, after which the relative vapor pressure-water 
content curve was determined by the method already described. The results 
are shown in graphic form in Fig. 3 together with the curve for the original 
isoelectric casein which had also been dried under vacuum in order to remove 
any traces of alcohol or ether which might have remained in the casein after 
preparation and which would lead to erroneous results in the vapor-pressure 
apparatus. 

The data for the casein and caseinates are given in Table II a,b,c, & d. 
The first two columns in each subtable give the observed relative vapor pres¬ 
sure and the observed water content (per gram of dry solid). The third 
column gives the value for the water content at the observed R.V.P. as cal¬ 
culated to equal the sum of the water held by the isoelectric casein at the 
same R.V.P. (obtained from the curve for isoelectric casein, by extrapolation, 
between observed points) and the water which would be present in a solution 
containing the same number of dissolved molecules as there are Na or Ca 
atoms present in the corresponding caseinate. This is the same as would be 
obtained if it were assumed that all of the alkali present had reacted to form 
alkali caseinate, that this resulting salt were completely ionized, and that the 
total water imbibed by the alkali caseinate were the sum of the waters held 
by the isoelectric casein and by the alkali ions, separately. 

The grams of H20(g) which would be present in a solution containing the 
same number of dissolved molecules as there are Na or Ca atoms present in a 
gram of caseinate can be calculated from the equation 

^ _ Mol fraction of alkali present in i gm. dry caseinate X looo X 1.86 
Freezing point of water in the caseinate 

The freezing point (A) of the wetted caseinate can be obtained from its 
R.V.P. from the equation 

log R.V.P. = — .OO42I1A —.0000022 A^ 

For example. For Na Caseinate (pH 6.9) containing .555 X lo'^ mols of Na 
in I gm. of dry caseinate, at a R.V.P. of .935 or A = 6.85°, assuming all the Na 
ionized, the water held by these ions at this R.V.P. would be 


■ 555 X 10-^ X 10-^ X 1.86 
6.85 


1.51 gms. 


Casein (isoelectric) at the same R.V.P. binds 0.266 gms. 0.151 + 0.266 = .417 
gms. as shown in column 3, of Table II. 

The curve for isoelectric casein is typical in form for colloids which are 
insoluble and which possess no, or practically no, ionizable groups. It 
approaches the water-content axis in a manner indicating that it would take 
up (imbibe) only about 50% of its own weight of water when immersed in 
pure water (of activity = i.) or suspended in an atmosphere saturated with 
water vapor. 
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A survey of the curves in Fig. 3 and of the data in Table II indicates that 
for the Na salts, the added water-binding capacity of the casein is very nearly 
equal to that which would be gained if all the Na present were ionized and 
acting as dissolved integral particles. The data on the C 3 a caseinate indr 
cates a much lower degree of ionization. 

Table II 

A = gm, H2O per gm. dry solid. 

B = gm. 1120 per gm. dry solid + H2O of Na^ 

^M) (h) 


Casein fisoeleetrie) 



Na-Caseinate (pH 6.9) 


R.V.P. 

A 


R.V.P. 

A 

obs. 

B 

Obs/Calc 

. 996 

•417 


•974 

•734 

727 

T .011 

.941 

.279 


•057 

530 

•535 

.991 

. 910 

. 241 


•935 

•399 

•4x7 

•957 

880 

. 222 


.865 

•277 

.283 

•979 

•730 

. 168 


• 784 

.216 

. 224 

.964 

.601 

.13Q 


•751 

. 204 

. 208 

.980 

.408 

116 


.647 

.164 

.171 

•959 

.202 

.081 


•438 

. 124 

(•132) 

•939 




. 180 

.060 

(.072) 

•833 

(c) 

Na Caseinate (pH — 

10. C 

(d) 

Ca Caseinate (pH 6.4) 

R.V.P. 

A 

ohs. 

B 

Obs/Calc 

R.V.P. 

A B 

obs. 

Obs/ Calc 

.919 

•542 

•493 

1.100 

.986 

.807 .906 

. 891 

. 901 

.462 

.430 

1,074 

•973 

•530 -577 

•919 

.888 

.441 

.398 

1.108 

•951 

.388 .430 

• 902 

.819 

.320 

•301 

1.063 

•936 

•337 370 

.911 

.803 

.318 

. 287 

1.108 

.891 

•253 -285 

.887 

•734 

■ 251 

•23s 

1,068 

.746 

.181 .193 

•038 

.600 

. 190 

.179 

1.062 

.607 

•137 -153 

•895 

.403 

.138 

.124 

1.112 

.501 

.122 .126 

.967 


The fourth column in the subtable of Table II indicates the fraction that 
the observed value bears to the calculated. For Na caseinate (pH 6.9) the 
average value is 0.957, for the Ca caseinate the average value is 0.913, and 
for the Na caseinate (pH 10. i) it is 1.087. In the latter case the effect of the 
few 0 H"“ ions present and necessary to maintain a pH of 10. i is omitted from 
the calculations. This would amount to about .0001 N in every case (an 
equilibrium condition—the OH"” cone, per unit of water changes little with 
the water content) and its part in binding water is negligible. 

These values may be taken to indicate that for all the caseinates the salt is 
ionized and that the water binding capacities of these salts is the sum of the 
water binding capacities of the positive ions and of the negative micelle, this 
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latter being the same as for the isoelectric micelle. In the case of the Na 
caseinate (pH lo.i) it is probable that some hydroylsis had taken place during 
the drying process, due to the high OH~ concentration, and that the small 
molecules resulting caused the water binding capacity of this caseinate to be 
unduly high in the method of determination herein used. In later experi¬ 
ments more care was observed in the drying process in order to reduce this 
hydrolysis to a minimum. 

In order to check these results another sample of casein was prepared in a 
similar manner. In this case, however, the improvements upon the original 
method for the preparation of casein, as suggested by Van Slyke^ were em¬ 
ployed. The purified casein, as prepared by the original method, is redis¬ 
solved before drying, at pH 6.8 by NaOH, supercentrifuged in this state to 
throw out any Ca caseinate or calcium phosphate, then reprecipitated with 
acetic acid at pH 4.7 and electrodialysed in this state before washing with hot 
70% alcohol, alcohol and ether. There results an especially pure sample of 
casein, free of ash and free of a fraction soluble in hot 70% alcohol. It is not 
surprising that in this sample the water bound by the isoelectric casein at an 
activity 0.90 is found to be slightly less (.214 g as compared to .233 g. per gm. 
dry protein) than that obtained for the first sample used, which contained 
0.11% ash. 

Instead of attempting to determine the whole curve, in this series of expts. 
a number of points were found for each caseinate at as near the R.V.P. = 0.90 
as possible. A larger series of caseinates was prepared. A Na-caseinate con¬ 
taining .277 X 10“^ gm. mols of Na per gm. of casein showed a pH of 6.<;, 
that containing .555 X lo*"* gm. mols per gm. casein showed a pH of 6.9, 
that containing .832 X 10“'* gm. mols per gm. casein showed a pH of 8.5 and 
that containing i.ii X 10"^ gm. mols, a pH of lo.i. Two Ca-caseinates were 
also prepared, one containing .277 X io~® gm. mols of Ca per gm. of casein 
showed a pH of 6.4 and one containing .555 X io~® gm. mols per gm. of casein 
showed a pH of 9.4, It is to be remembered that the pH values observed were 
those of the caseinates at equilibrium with the alkali in approximately 100 cc. 
of water, 10 gm. samples of dry isoelectric casein being used in the preparation 
of each caseinate. Since the concentration of 0 H“ ion was in no case greater 
than .0001 N (this in the case of the caseinate of pH 10.i), the amount present 
in the 100 cc. of H2O would never be sufficiently great to shift the pH of the 
caseinate appreciably upon desiccation. The observed pH's then can be taken 
as very near to the actual pH's of the samples regardless of the H2O content. 

Table III gives the observed values of the water content of these caseinates 
at the corresponding R.V.P.'s in the immediate environment of the R.V.P. 
value of 0.90. The extrapolation value at R.V.P. =0.90 is also given. Sub¬ 
tracting the amount of H2O held by the isoelectric casein at R.V.P. = 0.90 
from the amount held by the caseinate at the same R.V.P., a value for the 
water bound by the Na and Ca ions present is obtained. From the actual 
molar concentration of these atoms known to be present it is possible to cal- 

^ D. D. Van Slyke: Chem. Age, 32 , 163 (1024). 
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Table III 

A = gm. H2O per gm. dry solid 


(a) 


(b) 


(c) 

Isoelectric Casein 

Na-Caseinate (pH 6.3) 

Na-Caseinate (pH 6.9) 

K.V.P. 

A 

K.V.F. 

A 

R.V.P. A 

•936 

. 246 

•913 

.274 

.882 .293 

.874 

.199 

.907 

.265 

.905 .312 

.899 

.209 

.881 

.245 

.899 .301 

.901 

.213 

.904 

.262 

•914 -317 

.901 

.218 

•895 

. 261 

.871 .281 

Extr. .90 

.214 

Extr. .90 

. 261 

Extr. .90 .304 



Observed 


Observed 



due to Na"^ .047 

due to Na"^ .090 



Calc, due to 

Calc, due to 



Na^ 100% 

Na“^ 100% 



Ionized 

.048 

Ionized .095 



Obs/Calc 

.980 

Obs/Calc .947 

(d) 


(e) 

(0 

(g) 

Na-Caseinate (pH 8. Na-Caseinate (pH 10. i) Ca-Caseinate (pH 6.4) Ca-Caseinate (pH 9.4) 

R.V.P. A 

R.V.P. 

A 

R.V.P. 

A R.V.P. A 

.899 .348 

.912 

.462 

.885 

.211 .910 .253 

.887 .340 

.896 

•413 

•893 

.220 .910 .245 

•913 -393 

.898 

.407 

.926 

.246 .879 .221 

.881 .310 

.881 

•373 

.910 

.228 .917 .246 

.QI 2 .364 

.914 

.472 

.917 

.241 .889 .226 

Extr. .90 ,350 

Extr. . 

90 .4x5 

Extr. .90 

.225 Extr. .90 .238 

Obs. due to 

Obs. 


Obs. 

Obs. 

to Na*^ . 136 

Na+ 

. 201 

Ca++ 

.oil Ca"^"^ .024 

Calc, due 

Calc. 


Calc. 

Calc. 

to Na*^ .143 

Na+ 

. lOI 

Ca++ 

.048 Ca’^'^ .095 

Obs/ 

Obs/ 


Obs/ 

Obs/ 

Calc .951 

Calc 

1.052 

Calc 

.229 Calc .253 


culate the amount of water which would be needed to form a solution of these 
ions which would show a R.V.P. = 0.90 provided these were 100% ionized. 
The ratio observed/calculated designates the degree of ionization of these 
cations of the corresponding caseinates provided, of course, the process of 
drying of the samples has not been accompanied by any hydrolysis. All 
possible care was taken to dry the caseinates at a low temperature and as 
quickly as possible in order to decrease the hydrolysis of the casein. These 
were dried in a vacuum oven at 22® C, the solution being spread in a thin layer 
over a large surface. Drying was complete in from three to four hours. 

That no hydrolysis did occur during the preparation and drying of these 
samples was ascertained in the following manner. A membrane of gun cotton 
was prepared from an 8% soln. of gun cotton in acetic acid by dipping a clean 
alundum cup into the solution and allowing it to drain, while suction was 
applied to the inside of the cup, for a few minutes before the cup was entirely 
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immersed in warm water. Such a membrane, after thorough washing, is 
ready for use and has been found to be permeable to all molecules under a 
molecular weight of 3000-4000. Such a membrane was used to wash the dis¬ 
solved samples used in the above determinations. Five grams of the caseinate 
to be investigated for hydrolytic products were dissolved in 100 cc. water, the 
cup bearing the membrane was then immersed in the solution, and the solu¬ 
tion reduced to a small volume by suction applied to the inside of the cup. 
More water was added to the soln. and the process repeated until about 300 cc. 
of lic^uid had been sucked thru the membrane. This fitrate was then concen¬ 
trated to 10 cc. and biuret, and Nessler tests made to determine the presence 
of protein decomposition products. These were entirely negative in all cases 
with the exception of the Na caseinate of pH t 0.1 in which case a faint positive 
biuret was observed. This test proved beyond doubt that hydrolytic products 
played an entirely negligible part in increasing the water-binding capacity of 
the samples when they were changed from the isoelectric protein to the salts 
and that the entire effect was due to the cations existing in the caseinates. 

Table IV consists of data derived from specific conductivity measurements 
on the above-mentioned caseinates at 2 5°C and at a water content such that 
there would be 10 cc. of water in i gram of dry caseinate. The concentration 
of the alkali would then be that indicated in the table. Specific conductivities 
were determined upon these alkalies in the absence of the protein. (The values 
of Ca(OH)2 are extrapolated). The proteinate solns. showed a specific 

Table IV 

Electrical conductivity data on Na and Ca Caseinates and corresponding 

alkali solutions 


orraality of 
Alkali 
NaOH 

K X 

Alkali solution 
alone 
25"C 

K X 

Alkali solution 
+ 100 g. casein 
per 1000 cc. 
alkali 

25°C 

Aa 

for alkali 
alone 
25“C 

Ac 

for alkali -f- 
100 gm. Casein 
per 1000 cc. 
alkali 

25°C 

Ao/A,v 

.0277 

6.26 

1.079 

226.0 

41.5 

18 36 

•055 

12.20 

2.015 

220.0 

38.7 

17 59 

M 

oc 

0 

17.98 

2.950 

216.3 

37.5 

17-33 

.1110 

23.70 

3 • 845 

213-7 

36.9 

17.27 

Ca(0H)2 






•0555 

11.22 

0.498 

202.2 

9-57 

4-73 

.1110 

22.44 

0.974 

202.2 

9-35 

4.62 


gravity of about 1.030 and therefore each caseinate soln., consisting of 10 cc. 
of water + i gram dry caseinate, occupied a volume of 10.67 cc. This value 
was employed in the calculation of the equivalent conductivity, A, for the 
caseinate, i.e., 


_ Ka.IOOO 

“ IT 



WATER RELATIONSHIPS IN COLLOIDS 


2929 


The value Ao/Aa shows the percentage conductivity of the caseinate when 
compared to that of the alkali before the casein was added. The percentage 
conductance by the cation in the NaOH and Ca(OH)2 soln., as calculated 
from the mobilities at i8°C. of these cations and the OH“ ion, would be ap¬ 
proximately 20% and 21% for the Na and Ca ions respectively. Comparing 
these and the values shown in the last column of Table IV it is seen that the Na 
caseinates, carrying about 18% the current carried by the corresponding 
hydroxide, are much more nearly completely ionized than are the Ca casei¬ 
nates, which carry only about 4.7% the current carried by the hydroxide. 
This is the same conclusion as is to be drawn from the relative vapor pressure 
data in the preceding experiments. No quantitative relationship between 
these two groups of data is inferred, however. 

It is especially important to note that, while at lower vapor pressures the 
part played by the colloid, i.e. the isoelectric protein, itself in binding water is 
of more importance than that played by the ions bound thereto, as the activity 
of the water present approaches the value, i.o, the effect exerted by the 
colloid becomes insignificant as compared to that resulting from the ions which 
themselves are bound by salt valences to the colloid. With colloids in equilib¬ 
rium with water, then, the degree of hydration of the colloid is determined 
largely, if not entirely, by the number of cations or anions which may be 
ionized from it, yet held to it by salt valences, and by the activity of the 
water against which it may be in equilibrium. 

Summary 

The isotenoscope method for measuring the vapor pressures of liquids is 
found to be a quick method applicable to the determination of the relative 
vapor pressure, or activity coefficient of water contained in colloids. The 
measurements thus obtained are accurate to about 1% when made at 25®C. 
and within the range of relative vapor pressures lying between 0.98 and 0.30 
on the R.V.P.-water content curve. Above and below these values of relative 
vapor pressure, this method does not yield values which are as accurate as 
those which may be obtained from freezing point data and from data obtained 
by allowing equilibrium to be attained over H2SO4-H2O mixtures, respectively. 

The limitations of activity data, as a means of differentiating between, 
and of evaluating the individual forces which may be acting to reduce the 
activity of water in a given system, are discussed. 

Vapor pressure data made upon isoelectric casein and upon various Na and 
Ca caseinates of varying cation content, are offered as evidence that the 
change in water-binding capacity (likewise swelling capacity) of a protein 
is the sum of the water-binding capacity of the isoelectric protein and the 
water binding capacity of the ionized atoms which are bound to the protein 
when the salts are formed. The Na-caseinates are found to be nearly 100% 
ionized as compared to the Ca caseinates which are about 20% ionized. 
Hence the antagonistic effects of these two cations in their influence upon the 
degree of hydration of colloids. 



MIGRATION STUDIES WITH FERRIC OXIDE SOLS 
I. Positive Sols 

BY FRED HAZEI. AND GILBERT H. AYRES 

Introduction 

It is well known that the hydrogen ion has a stabilizing effect on positive 
iron oxide sols. Flocculation values of electrolytes have been shown to be 
markedly greater for sols of high acidity than for sols of low acidity.^'2,3 jg 
evident, however, that these values can be only an approximate measure of 
the stability. Thus, the flocculation measurements give qualitative informa¬ 
tion regarding the relative differences in stability between sols, but they do 
not indicate the differences (quantitatively. The reason for this is made clear 
by recalling that the stability of suspensoid sols is due primarily to a potential 
difference in the double layer, the magnitude of which cannot be determined, 
in any sense, by flocculation methods. Measurements of velocity of migra¬ 
tion in an electric field are a much more exact way of determining the stability 
because these data are a direct measure of the stabilizing potential. 

('ataphorctic measurements made in a U-tube by observing the movement 
of the boundary between the suspension and the clear dispersing liquid under 
the influence of an applied potential are open to serious objection. In this 
connection Mattson^ has pointed out that the conductivity of the suspension 
is greater than that of the dispersing medium even if the latter consists of 
an ultrafiltrate of the sol. The potential gradient is therefore not uniform. 
The movement of the particles at the boundaries is proportional to the drop 
of potenliel at that point, and this is constantly changing due to ionic migra¬ 
tion. Since the current must flow for a considerable time to produce a meas¬ 
urable displacement, the effects of heating, electrolysis and polarization may 
be considerable. Furthermore, the changes in the concentration of the dif¬ 
ferent ions must affect the charge on the particle. 

In an effort to overcome these experimental difficulties Cotton and 
Mouton,'^ Svedberg,’^ Ellis,^ Powis® and Kruyt^^ have resorted to microscopic 
and ultramicroscopic methods for studying cataphoresis. The most accurate 
and elaborate ultramicroscopic method has been developed by Svedberg and 

* Ghosh and Dhar: J. Phys. Chem., 30 , 830 (1926). 

* Freundlich and Lindau: Kolloid-Z., 44 , 198 (1928). 

* Hazel and Sorum: J. Am. Chem. Soc., 53 , 49 (1931). 

^ Burton: Phil. Mag., (6) 11, 434 (1906). 

® Mattson: J. Phys. Chem., 32 , 1532 (1928). 

•Cotton and Mouton: ‘‘Les ultramicroscopes et les objets ultramicroscopiques’^ (1916). 

^ Svedberg: Nova Acta Soc. Sc. Upsaliensis, (4) 2, 149 (1907). 

•Ellis: Z. physik. Chem., 78 , 321 (1911). 

» Powis: Z. physik. Chem., 89 , 91 U915). 

^®Kruyt: Kolloid-Z., 19 , 161 (1916). 
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Anderson.^^ A simpler but quite exact means of observing migration of col¬ 
loidal particles is due to Mattson.^ The technique of the latter investigator 
was employed in the present study. 

Experimental 

A diagrammatic reproduction of the cataphoresis cell* is shown in Fig. i. 
It consists of a thick-walled tube 1.85 mm. inside diameter and 11.5 cm. long, 
terminating in two larger tubes, A and B, which contain cylindrical platinum 
electrodes placed close to the ends of the horizontal tube; electrical connections 
are made through mercury wells. At O the tube is ground down to within 
about 0.6 mm. of the inner wall, and the plane surface polished. At right 
angles to 0, on the side the light is to enter, another plane surface is made. 
By means of an adjustable adapter 
the cell is clamped firmly to the micro¬ 
scope objective. 

There exists at a glass-water inter¬ 
face an electrical double layer in which 
the glass is negatively charged and 
the water is positively charged. Upon 
applying a difference of potential across 
the ends of the capillary, electro- 
endosmosis will take place with the re¬ 
sult that the water is transferred to the 
cathode. However, since the cell is a 
closed system, as much water as flows 
along the walls in one direction must 
return through the center in the oppo¬ 
site direction. It follows that the liquid will be at rest somewhere in an annular 
layer between the axis and the walls. When colloidal particles are observed 
at different depths in the capillary, therefore, the electroendosmotic motion 
of the liquid is superimposed upon the electrophoretic motion of the particle; 
if the observed particle has no apparent velocity, it is obvious that the electro¬ 
endosmotic motion of the liquid is equal and opposite to the motion of the 
particle, von Smo uchowski^-^ has calculated with the aid of some theoretical 
deductions that the liquid will be at rest at a distance of 0.7 of the radius 
away from the axis of the tube. The calculation has been shown to agree 
with experiment. 

It is necessary, therefore, to have the microscope focused on a layer of 
the liquid 0.7 of the radius away from the axis, in order to observe the true 
velocity of the particles. This adjustment was accomplished as follows: The 
diameter of the capillary and the thickness of the glass over the capillary were 
measured both by an objective micrometer and by a cathetometer: 

Svedberg and Anderson: Kolloid-Z., 24 , 156 (1919). 

* This cell was designed by Mattson and furnished by the Arthur H. Thomas Company. 

« von Smoluchowski: Graetz, ^'Handbuch Elektr. Magn.” 7 , 383 (1921). 
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Diameter of capillary 1.85 mm. 

Glass over capillary 0.58 mm. 


From these values and the free working distance of the microscope objective, 
1.9 mm., it was calculated that in order to focus on a point at a distance of 0.7 
of the radius away from the axis of the capillary, the lower rim of the lens 
mount must be adjusted 1.21 mm. above the ground face of the capillary. 
This adjustment was made by means of the cathetometer. 

The optical set-up was a typical slit-ultramicroscope, the source of il¬ 
lumination being a 120 volt D.C. carbon arc. The objective used was a 
Zeiss D*, having numerical aperture 0.75 and primary magnification 40; 
by the use of eyepiece 10 a magnification of 400 was obtained. The ocular 
was equipped with a cross-ruled scale each division of which covered a dis¬ 
tance of 0.02 mm. on the objective micrometer. 

To obtain velocity readings the terminals of the cell were connected to a 
direct current circuit of 90 volts, furnished by two 4 5-volt radio “B” bat¬ 
teries; the current could be reversed by means of a double-throw switch. 
The time required for a particle to traverse 10 scale divisions was determined 
by means of a tenth-second stop watch. Ten readings were taken in alternate 
directions for each sample and the mean selected as the most reliable value. 
(It is important to keep the stop-cocks well greased In order to prevent a leak¬ 
age of the liquid while velocity readings are being taken, otherwise the read¬ 
ings in opposite directions will be at considerable variance due to a drift of the 
liquid.) 

The velocity of migration, V, in /x/sec./v,/cm., is given by the following 
expression: 

Y - S X 1 
txE 


where S is the distance, in /x, traversed by the particle in t seconds, E is the 
potential across electrode separated by 1 centimeters. Thus, for a distance S = 
200 /X, and a potential of 90 volts between electrodes 11.5 cm. apart: 


200 X 11.5 25.6 . , . 

V = ——-^ /x/sec./v./cm. 

t/ X 9^ t 

The detenninations of pH were made by means of the glass electrode.* 


Results 

The data in the following tables are for sols of an iron content of 0.006 
grams per liter. They were prepared by dilution from the same stock sample 
of colloid. 

Table I shows the relation of the pH of the system to the migration 
velocity of the particles. Small amounts of HCl or KOH were added to 
adjust the pH of the system. 
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Table I 
Series VI B 


Sol No. 

pH 

Time (sec.) 

Velocity 
M/sec./v./cm. 

I 

31 

S-S 

+4.7 

2 

3-4 

6.0 

+4.3 

3 

3-9 

6.1 

+ 4*2 

4 

5-1 

6.7 

+ 3-8 

5 

5.8 

6.9 

+ 3-7 

6 

6.0 

7.0 

+ 3-6 

7 

6-3 

7-4 

+ 3-4 

8 

6.7 

8.4 

+30 

9 

7.2 

10.0 

+ 2-5 

10 

7.7 

12.2 

+ 2.1 

12 

9 - 4 * 

40.3 

— 0.6 

13 

9.8* 

24.0 

— 1.0 

14 

10.7* 

21.1 

— 1.2 


The asterisk * is used in this and all of the following tables to denote systems 
in which the addition of electrolyte caused precipitation of the colloid as 
evidenced by the development of a distinct turbidity within two hours. 

Fig. 2 shows the velocities plotted against pH values. 

In order to study the effect of addition of various electrolytes on the 
migration velocity of the colloidal particles, a sol was prepared containing 
0.012 grams of iron per liter and having a pH of 5.7. The sol was then diluted 
to 0.006 grams of iron per liter with solutions of electrolytes of varying con¬ 
centration. The results are given in Table II, where electrolyte concentrations 
are expressed in millimols per liter of total mixture. 

Fig. 3 illustrates the data of Table II graphically. That the migration 
velocity is a logarithmic function of the concentration of electrolyte is shown 
in Fig. 4 where a plot of the velocity against log c gives a straight line. 

Table III gives data for sols of Series I, pH 4.0; Series III, pH 6.4; Series 
IV, pH 7.3; Series II, pH 5.7 is also included for comparison. The behavior 
of the sols with a mono-, a bi-, a tri-, and a tetravalent ion is shown. 

Figs- S> 6, 7 and 8 show graphically the behavior of KCl, KjCr04, KHjPOi 
and K4Fe(CN)6, respectively, with the sols of different hydrogen ion con¬ 
centration. 




i^UOCtrr, ftisic/if/cM ^ ^ ^ VetoctTr, fiiuc/vIcM Vclouty, 
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Fig. 7 
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Table II 


Sol No. 

Millimols 
electrolyte 
per liter 

KCl 

Time 

sec. 

Velocity 
M/sec. /v./cm. 

I 

0 


6.6 

+3.8 

2 

2 


7-7 

+3-3 

3 

4 


8.2 

+3-1 

4 

8 


8.5 

+3-0 

5 

16 


8.3 

+3-1 

6 

24 

K 2 CO, 

8.4 

+30 

I 

0 


6.6 

+3-8 

2 

0.02 


7.2 

+3-5 

3 

0.04 


8.4 

+30 

4 

0.08 


Q -7 

+ 2.6 

5 

0.16 


12 I 

+ 2.1* 

6 

0.32 


14.8 

+ 1.7* 


KSOt 


I 

0 

6.6 

+ 3-8 

2 

O.OI 

7 9 

+31 

3 

0 02 

9.8 

+2.6 

4 

0.04 

II.6 

+ 2.2 

5 

0.08 

12.0 

+ 2.1 

6 

0.12 

12.6 

+ 2.0* 

7 

0.16 

13 -7 

+ 1.9* 



CaS04 


I 

0 

6.6 

+ 3-8 

2 

0.008 

9-7 

+ 2.6 

3 

0.02 

II.8 

+ 2.2 

4 

0.04 

14.0 

+ 1.8 

5 

0.08 

17.0 

+ 1 - 5 * 

6 

0.12 

17 s 

+ 1 - 5 * 

7 

0.16 

18.1 

+ 1.4* 


K8Cr04 


0 

6.6 

+ 3-8 

O.OI 

ii-S 

+2.2 

0.02 

13.6 

+ 1.9 

0.04 

18.7 

+1.4 

0.06 

22.8 

+1.1 

00 

0 

d 

27-5 

+0.9 


7 
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Table II (Continued) 


Sol No. 

Millimols 
Electrolyte 
per liter 

Time 

sec. 

Velocity 

Ai/sec./v./cm. 



KjCfjOt 


I 

0 

6.6 

+ 3-8 

2 

0.005 

II-5 

+ 2.2 

3 

O.OI 

15 -5 

+ 1 - 7 * 

4 

0.02 

19.2 

+ 1.3* 

5 

rn 

0 

d 

22.5 

+ 1.1* 

6 

0.04 

32.0 

+0.8* 



KH*P 04 


I 

0 

6.6 

+ 3-8 

4 

0.004 

12.7 

+ 2.0 

5 

0 008 

20.5 

+ i 2* 

6 

0.016 

31-3 

~)”0.8* 

7 

0.024 

48.8 

+0.5“ 

8 

0.032 

— 

+0.1* 


K 4 Fc(CN)« (pH of sol = 5.2) 


I 

0 

6.8 

+ 3-7 

2 

0.00025 

9-3 

+ 2.7 

3 

0.0005 

10.8 

+ 2.3 

4 

0.0010 

17-5 

+ 1 - 5 * 

5 

0.0015 

46.0 

+0.6* 

6 

0.002 

28 3 

-0.9* 

7 

0.003 

12.4 

-2.1* 

8 

0.005 

7 -S 

-30 

9 

O.OI 

7.0 

-37 

10 

0.02 

6.2 

-4.0 

II 

0.04 

5-8 

- 4-3 

12 

0.08 

6.2 

-4.0 

13 

0.25 

5-6 

-45 

14 

I .0 

51 

-S-O 

15 

10.0 

S-i 

- 5-0 
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Table III 




Millimole 


Velocity, /n/sec./v./cm. 


Sol No. 


electrolyte 
per liter 

Series I 
pH « 4.0 

Series 11 
pH “ 5-7 

Series III 
pH « 6.4 

Series IV 
pH - 7.3 

A 

I 

0 

+4.6 

+3.8 

+3.4 

+ 2-5 

KCl 

2 

2 

+ 3-7 

+33 

+ 2.9 

+ 2 -S 


3 

4 

+ 3-6 

+31 

+ 2.7 

+ 2-5 


4 

8 

+ 3-4 

+ 30 

+ 2.7 

+ 2.5 


5 

16 

+ 3-2 

+31 

— 

— 


6 

24 

— 

+30 

— 

— 


7 

32 

•4"2.8 

— 

— 

— 

B 

I 

0 

+4.6 

+ 3.8 

+3.4 

+ 2-5 

KsCrOi 

2 

0 005 

— 

— 

— 

+ 1.8 


3 

0 01 

+2.7 

+ 2.2 

+1.8* 

+ I 6" 


4 

0 02 

+ 2.1 

+ 1.9 

+ 1 - 4 * 

+ 1.1* 


5 

0.04 

+ I-S" 

+1.4* 

+0.9* 

+0.7' 


6 

0 06 

+ 1 - 3 ' 

+ 1.1* 

+0.7* 

+slighf' 


7 

0 08 

+0.9* 

+0.9" 

+o.6'‘ 

+slight" 

C 

I 

0 

+ 4-6 

+3.8 

+ 3-4 

+ 2.5 

KHjPOi 

2 

0.001 

— 

— 

— 

+ 1 - 7 * 


3 

0.002 

— 

— 

+ 1.9* 

+ I.0-" 


4 

0.004 

+ 2.3 

+2.0 

+ 0.6'' 

+0 5* 


5 

0.008 

+ iS" 

+ 1.2'' 

±0.0* 

-0.4'" 


6 

o.ot6 

+ 1.1' 

+0.8'' 

-o.e" 

- 1 - 3 * 


7 

0.024 

+ 1.0* 

+ 0 . 5 * 

-0.8* 

- 1 - 4 * 


8 

0.032 

+0.9* 

+0.1* 

- 1 - 3 * 

-1.7* 

D 

I 

0 

+4.6 

pH = S.2 
+3 7 

+ 3-4 

+ 2-5 

K4Fe(CN)e 

2 

0.00025 

+ 4-3 

+ 2.7 

— 

+ 1.5* 


3 

0.0005 

+ 3-8 

+ 2.3 

+0.5* 

— 


4 

0.0010 

+ 2 .S 

+ 1 - 5 * 

- 0 . 3 * 

±0.0* 


5 

0.0015 

+1.9* 

+0.6* 

— 

— 


6 

0.002 

+ 1.6* 

-0.9* 

— 1.4* 

-2.8 


7 

0.003 

+0.3* 

— 2.1* 

-2.4 

— 


8 

0.005 

-1.7* 

-30 

-“35 

- 4-3 


9 

0.010 

-30 

- 3-7 

- 4.6 

-4.8 


10 

0.020 

- 3-4 

-4.0 

-5.0 

— 
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Discussion 

The velocity data incorporated in Tables I, II and III may be used to 
calculate the zeta potential of the particles. The value of zeta is supposed to 
represent the difference in potential which exists between the fixed and the 
movable part of the double layer. An example of the calculation is included 
at this point, using the formula of Helmholtz and Perrin: 


j. _ 4jrT?v 

^ HD 


where f = the zeta potential in volts 

V = velocity of the particles in cm. per second 
H = potential gradient, in volts per cm. 

D = dielectric constant of the medium 

= viscosity of the medium. (The absolute viscosity of water at the 
temperature of the experiment is usually taken. It may be 
obtained from tables.) 
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Substituting in the above formula for v = 3.0 /i/sec./v./cm. = 0.0003 
cm./sec./v./cm., and assuming that D = 80, the dielectric constant of 
water, we have for a potential gradient of one volt per centimeter: 

^ ^ 4 X 3.1416 X o.oi X 0.0003 X 300 X 300 
^ “ I X 80 

f = 0.042 volt. 

300 X 300 is put in the numerator to convert H and f into absolute units. 
This calculation shows that velocities may be converted to values of zeta 
by simply multiplying by the factor 0.014. 

We have purposely avoided making calculations of the zeta potential 
because of their doubtful value. An excellent summary of the chaotic state 
that has resulted from these calculations is given by Mooney.*^ McBain'"* 
and Harkins^^ have also criticized this practice. The main difficulty seems to 
center around the fact that the dielectric constant of colloidal systems that 
contain electrolytes is not accurately known. Furthermore, the factor of 4 
in the Helmholtz-Perrin formula was derived for a cylindrical particle. 
Debye and IliickeP® have shown this factor to be 6 for a spherical particle. 
In addition, the viscosity factor introduces confusion. Some investigators 
base their calculations on the viscosity of the pure dispersing phase while 
others use the viscosity of the colloidal dispersion. 

From the above considerations we conclude that the magnitude of the 
potential difference existing in the electrical double layer cannot be calculated 
to the satisfaction of all. Nevertheless, colloidal theory tells us that the 
stability of suspensoid sols is due to this potential difference, and the greater 
the latter, the more stable the sol. Inspection of the Helmholtz-Perrin for¬ 
mula shows that all of the factors on the right side of the equation are ac¬ 
cessible to direct measurement; since rj is constant at constant temperature, 
H is a constant amounting to one volt per centimeter, and I) is assumed to 
be constant, we may combine the values of 47177/110 into a single constant, 
and write: 

r - k V 

which shows that the potential difference of the double layer is directly pro¬ 
portional to the migration velocity of the particles. It follows that measure¬ 
ments of migration give the best approximation concerning the stability of 
the* particles. 

An inspection of the curve shown in Fig. 2 shows that the isoelectric point 
falls at a pH of about 8.6; this is for a very pure sol obtained by dialyzing 
for a week at a temperature of 90®. Hydrochloric acid was used in making 
the sols in the acid range. The hydrogen ion is very strongly adsorbed, the 

Mooney: J. Phys. Chem., 35 , 329 (1931). 

McBain: J. Phys. Chem., 28 , 706 (1924). 

“ Harkins: Colloid Symposium Monograph, 6, 17 (1928). 

Debye and Huckel: Physik. Z., 25 , 49 (1924). 
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negative chloride ion playing a subordinate role. We might reason, a •priori, 
that the farther the system is removed from the isoelectric point, on the acid 
side, the more stable the positive sol will be. The data of Table II shows that 
this is true for systems with a pH as low as 3.1. However, there is a limit to 
the charging effect of the hydrogen ion as shown by the shape of the curve in 
the low pH range; it would appear that the surface of the particles is becoming 
saturated with hydrogen ions. At high acidities, where saturation of the 
surface is reached, the discharging effect of the chloride ion would probably 
be noticed. It is difficult to realize this portion of the curve experimentally 
because of the pronounced solvent action of hydrochloric acid for ferric 
oxide. 

The same line of reasoning can be applied to the negative part of the 
curve. Moderate concentrations of potassium hydroxide give a stable nega¬ 
tive sol, due to the strong adsorption of hydroxyl ions. High concentrations 
of potassium hydroxide decrease the stability, causing flocculation; in this 
case it is, of course, the potassium ion which discharges the particles. 

Table II and Fig. 3 show that the discharging action of the ferrocyanide 
ion is the most pronounced, whereas the chloride ion has the least effect; 
bivalent and trivalent ions occupy intermediate positions. Fig. 4 shows that 
the middle portions of the velocity-concentration curves are logarithmic in 
form. This type of relation is frequently encountered in colloid chemistry, 
especially in adsorption phenomena. 

The results of this investigation have confirmed in a remarkable way the 
investigations of Powis'^ in showing that it is not necessary to deprive the 
particles completely of their charge in order to cause flocculation; a lowering 
of the potential to a certain “critical potential” is sufficient to cause coagu¬ 
lation. Powis found the critical potential for oil-water emulsions to be 30 
millivolts. A charge of 30 millivolts would correspond to a migration velocity 
of 2.1 M/sec./v./cm. In the tables presented earlier, all of the samples are 
indicated * in which the critical potential was reached, as evidenced by the 
fact that sufficient flocculation had taken place in order to produce a distinct 
turbidity within two hours. It will be noticed that the samples so designated 
vary in velocity from -f 1.9 to —2.1 ju/sec./v./cm. In order to have a stable 
sol, therefore, it is necessary to have sufficient electrolyte adsorbed to con¬ 
tribute a potential difference of over 30 millivolts. 

Addition of alkali to a sol which is stabilized by hydrogen ions will first 
lower the potential to the critical value, when the sol begins to flocculate 
although the particles are still positively charged; larger quantities of alkali 
reduce the charge to zero and then produce a negatively charged particle 
which is, however, not a stable negative colloidal particle until enough alkali 
has been added to increase the charge to above the critical potential. In¬ 
spection of Fig. 2 shows that the lower part of the curve would cut the —2.0 
velocity axis at a pH of approximately 12.5. Addition of sufficient alkali 

»’ Powis: Z. physik. Chem., 89 , 186 (1915). 
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to give a system of this pH (or above) should therefore give a stable negative 
sol. This view was tested experimentally by flocculation methods and found 
to be qualitatively correct. 

Similar considerations apply to the sols on addition of other electrolytes. 

Figs. 5,6,7 and 8 clearly demonstrate the stabilizing effect of the hydrogen 
ion, a property which has been emphasized previously by one of the authors.* 
The curve for potassium chloride with a sol of pH 7.3 indicates that the 
chloride ion has no effect on the migration velocity of the particles. The 
chloride ions are unable to compete with the strongly adsorbable hydroxyl ions. 

Summary 

1. The migration velocity of positive ferric oxide sols has been studied 
by observation of the movement of single particles under the ultramicroscope. 

2. The effects of hydrogen ion concentration and of addition of electro¬ 
lytes on the migration velocity have been investigated. 

Laboratory of General Chemistryy 
University of Wisconsiuy 
MadisoUy Wisconsin. 



CATALYTIC ACTION OF AN ALUMINUM OXIDE CATALYST* 


BY WILDER D. BANCROFT AND AVERY B. GEORGE 


Introduction 

There appear in the literature some differences of opinion in regard to the 
explanation for the action of oxide catalysts when prepared under different 
conditions. Adkins* has advanced a hypothesis in which he considers that the 
catalytic activity of alumina is conditioned by its molecular porosity or the 
distances between the aluminum atoms. This is determined in part by the 
size, shape and position of the radicals attached to the aluminum when the 
aluminum compound goes into the solid state. In terms of this hypothesis it 
is held that decarboxylation is favored by large pores in the aluminum, and 
that ethylene formation is favored by small pores. Large and small in this 
case refer to units of molecular dimensions. Adkins says that catalysts 
which are colloidal give small pores when water is driven off, as the water is 
adsorbed, so they are favorable to ethylene formation. True hydroxides 
give less ethylene, and the catalysts prepared from the ethoxides favor the 
carbon dioxide formation, and these give large pores. The data of Adkins 
giving the relative amounts of ethylene and carbon dioxide obtained are given 
in Table I, 


Table I 


Ratio 



Catalyst W t. C2H 4 gm. 

\Vt .C 02 gm. 

Wt.CsH,/Wt. 

I. 

Ethoxide on pumice 

2.46 

4.57 

0538 

2. 

Isopropoxide on pumice 

I- 9 S 

4 -50 

0 433 

3 - 

Methoxide on pumice 

2.30 

4.40 

0.522 

4 - 

Amalgam interaction with HjO 

5-95 

3.10 

1.92 

5 - 

Ethoxide precipitated by HjO 

6.75 

3-75 

I .80 

6. 

Isobutoxidc on pumice 

2.10 

430 

00 

00 

d 

7 - 

Propoxide on pumice 

2.50 

4 90 

0.510 

8. 

Butoxide on pumice 

2.90 

4.60 

0.630 

9 * 

Ethoxide pills from powder 

2.80 

4.10 

0.682 

10. 

Nitrate pills from powder by 





precipitation with NH4OH 

5-90 

3.20 

1.84 

II. 

Pills from precipitate by action 





of HCl on NaAlOj 

5 00 

3 70 

I- 3 S 


* This work is done under the programme now beiM carried out at Cornell University 
and supported in part by a grant from the Heckscher Foundation for the Advancement of 
Kesearch established by August Heckscher at Cornell University. 

1 J. Am. Chem. Soc., 44 , 385, 2175 (1922). 
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On the other hand Taylor^ regards an oxide catalsnst aB composed, not of 
a single catalyst, but of two catalysts, metal ions and oxide ions. The nature 
of the changes induced in the adsorbed reactant is determined by the charge 
of the ion on which the reactant molecules is adsorbed. The extent of the two 
alternative changes will be determined by the relative extent of adsorption 
of reactant on the two ions, on the relative frequency of the two ions in the 
surface, and on their specific individual catalytic activities. These several 
factors, extent of adsorption, frequency of ions in the surface, and catalytic 
activity will be determined by the degree of saturation of the lattice ions (i.e. 
catalytic structure) and by the extent to which the ions are already covered by 
poisons (salts ammonia, water, etc.) In this explanation alkali poisons favor 
dehydrogenation or decarboxylation, while acid poisons favor the dehydration 
process. 

With these two different views on the matter, it seemed that this would be 
a good field for investigation, in order to arrive at the correct explanation. 
The substance chosen to be decomposed was ethyl acetate, for this was used 
by Adkins in some of his work. Sabatier® classifies the decomposition of 
ethyl acetate at 4oo°C when using different catalysts, as follows. 

AW, 

2CH8COOC2H5— ^ (CH 3 )C 0 + 2C2H4 + CO, + H ,0 
TiOa 

2CH8COOC2H6 —2CH8COOH + 2C2H4 
Th02 

2CH3COOCH6 —^ (CH 8 )C 0 + CO2 + C2H4 + CaHsOH 

From the above reactions it can be seen that a determination of the relative 
amount of the gases, ethylene and carbon dioxide, would give a means of 
measuring the course of the reaction. This was exactly the procedure fol¬ 
lowed, and the result was expressed as the ratio. Weight C,H4/Weight CO,, 
which is the relation of dehydration to decarboxylation. 

Experimental Procedure 

Preparation of Catalysts. The alumina catalysts used in this work were 
prepared by a number of different methods. Most of the catalysts were 
prepared by the procedures used by Adkins, in order that the two sets of 
results might be put on a comparative basis. 

Catalyst No. i. 200 grams of A1(N03)3.9H20 were dissolved in about 
two liters of distilled water, and then concentrated ammonium hydroxide was 
added to the hot solution until the precipitation was complete. The pre¬ 
cipitate was washed a few times by decantation, then filtered, washed, and 
dried in an electric oven at about i2o°C. The dried alumina was broken 
up into small, fairly uniform pieces, which were used in the runs. 

Catalyst No. 2. A solution of 10 grams of A1(N08)8.9H,0 in 50 cc. of 
water was made up, and 10 grams of washed pumice were soaked in this hot 

^ Colloid Symposium Monograph, 4 , 19 (1926). 

* Sabatier: *Ta Catalyse en Chimie organique,” 341 (1920). 
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solution for about five minutes. Then the solution was drawn off, and 50 cc. 
of concentrated ammonium hydroxide added to the pumice. This treatment 
caused the aluminum oxide to be precipitated on the pumice, after 

which the ammonium hydroxide was drawn off, and the supported catalyst 
washed with water a few times. The catalyst was dried in the electric furnace 
at i2o®C, and then over a bunsen burner for a few minutes. 

Catalyst No. 3. 30 grams of AI(N()3)3.9H20 were heated in an evaporating 
dish until the pure AI2O3 remained, thus driving off the water and the oxides 
of nitrogen. This solid was broken up into small pieces for use, as in the case 
of catalyst No. i. 

Catalyst No. 4. 10 grams of A1(N03)3.9H20 were dissolved in a small 
volume of distilled water, and to this concentrated solution 12 grams of 
washed pumice were added. The mixture was heated on a water bath, until 
the pumice was fairly dry, and then further drying was obtained by placing 
the catalyst in the electric furnace at about ii5°C. The catalyst was then 
heated until all of the nitric acid was driven off, after which it was ready 
for use. 

Catalyst No. 5. Some aluminum ethoxide was put on a watch glass, and 
exposed to the air for a period of time. The ethoxide hydrolyzed with the 
formation of aluminum oxide, which was broken up into small pieces for use. 

Catalyst No. 6. Four grams of aluminum ethoxide were melted and 3 
grams of washed pumice was added to the melt. This was allowed to cool, 
and then moist air was passed over the catalyst for about five hours, after 
which it was exposed to the air for a long period of time before use. 

Catalyst No. 7. Some of the dry washed pumice, which is a silicate of 
sodium, potassium and aluminum, was used as a catalyst. 

Apparatus and Procedure, The apparatus consisted of a flask for vapor¬ 
izing the liquid, this being connected to a reaction tube heated by an electric 
furnace, with a system for condensing the liquid products, and an eight-liter 
bottle, which served as a gasometer for collecting the gases evolved, at the 
other end. A saturated solution of sodium chloride was used as the confining 
liquid in the gasometer, as the gases evolved are only very slightly soluble 
in this solution. A thin layer of the catalyst was spread along the reaction 
tube for a length of 20 cm. The furnace was heated to a temperature of about 
45o®C, at which temperature all of the runs were made. The procedure fol¬ 
lowed was to put a measured amount of the ethyl acetate into the flask through 
the funnel at the top. At the end of a run the amount of liquid left was meas¬ 
ured, then the amount of ethyl acetate actually used could be determined. 
The flask containing the ethyl acetate was immersed in an oil bath, and the 
rate at which the ethyl acetate vapors were allowed to pass over the catalyst 
was controlled by varying the temperature of the oil bath. The bath was 
kept at a temperature of 8o®-9o®C, in which range about 40 grams of ethyl 
acetate were vaporized per hour. The ethyl acetate vapors were passed 
through the catalyst tube, the liquid products being condensed, and the 
gaseous products collected in the gasometer on emergence from the heated 
tube. The weight of the liquid product, and the volume of gas were deter- 
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mined. Then a sample of the gas was taken from the gasometer, and analysed 
for carbon dioxide and ethylene. The carbon dioxide was removed by ab¬ 
sorbing the gas in a solution of sodium hydroxide, while the ethylene was de¬ 
termined by passing the gas into a pipette containing fuming sulphuric acid, 
thus obtaining the necessary dal a. 

Experimental Results 

The first runs were made using the catalysts prepared from the aluminum 
ethoxide, numbers 5 and 6 as given above, and the data obtained are given 
in Table II. The ratios obtained from Adkins^ data are also given. 


Table II 

Catalyst Ratio Wt. C2H4/Wt. CO2 Adkins' Ratios 

Unsupported No. 5 2.18 o. 682 

Supported No. 6 1.66 o. 538 

The percentage increase in the amount of ethylene formed from the un¬ 
supported catalyst over the supported one compares very well with that ob¬ 
tained by Adkins, However, the ethylene/carbon dioxide ratios obtained by 
Adkins are very much lower than the values found in this work. He prepared 
this catalyst by exposing the aluminum ethoxide to the air for a long time, so 
this was a case of slow hydrolysis. Since the ethoxide used by him should be 
the same as that employed in this work, the difference in values might be due 
to impurities in the air. The catalyst employed here was not exposed directly 
to the atmosphere of the laboratory. It seemed that ammonia would be the 
most likely present, so a catalyst was made from the ethoxide by hydrolyzing 
it in a solution of ammonia. After drying, this catalyst was used in a run, 
and the ethylene/carbon ratio obtained was 1.22. Now this value is much 
less than the 2.18 obtained above, and while it is not as low as Adkins’ value, 
this shows that the presence of ammonia causes a low ethylene/carbon dioxide 
ratio. 80 this shows that the presence of ammonia, and probably other basic 
impurities in the air, will account for the low values obtained with the ethoxide 
catalysts. 

Now we thought that if Adkins’ explanation was right, it should be pos¬ 
sible to take a catalyst which is predominately decarboxylating, thus having 
large pores, and change it over to a dehydrating catalyst with small pores, 
by heating to a high temperature thus causing the catalyst to sinter. An ex¬ 
periment was made along this line using some of catalyst No. 1, prepared by 
precipitation of the hydrated oxide from an aluminum nitrate solution with 
ammonium hydroxide. The first two runs were made without heating the 
catalyst above the temperature of the furnace. Then another portion of the 
catalyst was heated over a Meker burner for about a half hour, in order to 
cause the catalyst to be sintered. The data obtained are given in Table HI. 
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Table III 

Catalyst Ratio Wt. CjH«/Wt. CO* 

Not r^tei^ Noi l 2.14, 2.16 

Si&teied No. 1 2.44 

These figures show that the smtered catalyst apparently does give a larger 
ratio of etiiiylene/carbcin dioxide. The catalyst used was a predominantly 
dehydrating one, so perhaps this 14% increase in the ethylene/carbon ratio 
is not fair data on which to base a conclusion. Some of the catalyst prepared 
by hydrolyzing the ethoxide in an ammonia solution was sintered in the same 
way as was the No. i catalyst, and a run made. The ratio obtained was 1.39, 
the percentage increase ci the ratio being practically the same as the 14% 
given above. This shows that the increase of the ethylene/carbon dioxide 
ratio, due to sintering, was practically the same starting with a catalyst of 
low or hiidi ethylene/carbon dioxide ratio. As shown above, ammonia caused 
a marked decrease in the value of the ratio, so even at the high temperature 
of sintering there must be some of the ammonia present. 

A further experiment was done along this line, for some of the catalyst 
prepared from the aluminum ethoxide was heated to a high temperature and 
sintered, then it was used in a run. In this case a value of 2.95 was obtained 
for the ratio, as compared to 2.18 for the unsintered catalyst. This increase 
in the amount of ethylene formed cannot be accounted for entirely by sin¬ 
tering, for part of the catatyst became dark colored on heating. As alumina 
would not become dark by this treatment, this change was probably due to 
some organic material present, as carbon, which became charred. This 
change apparently favws the formation of ethylene. So the values given in 
Table III above, and the data obtained by sintering the ethoxide catalyst 
hydnfiyzed in the pr«ience of ammonia illustrate better the change involved 
doe to sintering, and this mnounts to about a 14'^^, increase of the ethylene/ 
carbon dioxide ratio. However, the increase in the amount of ethylene ob¬ 
tained by sintering the catalyst was considerably less than the difference be- 
twemi the dehydrating and deearboxylating catalysts. So from this it seemed 
that the facts could not be mcplained in this way. 

A miscellaneous experiment was made using some of the washed pumice 
as the catalyst. With this substance a ratio of 62.5 was obtained, which 
means that there was 00^ very little carbon dioxide formed. This seemed 
very interesting, and as pumice is a complex silicate, it may be that substances 
<d tins type have posail^ties in contact catalysis. The reason for making this 
experimmit was to detwnnine whether or not the support used had any effect 
<m tiie reaetimr, and apparently has. 

in enter to cmnpaas the activity of a supported catalyst prepared by pre- 
flipftatiQn wfiih ammonium hydroxide, the procedure as given for catalyst 
No. a above was amd* Many people have compared the activity of oxide 
oatal^Wta prepaoed by precipitation with ammonium hydroxide, with sup¬ 
ported catalysts prepared by heating a nitrate solution containing the support. 
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as pumice. This is not a just comparison, for in this case the effect of the 
ammonia is neglected, while it may have a marked effect. The results ob¬ 
tained with catalyst No. 2 gave a rather high ratio, much higher than would 
be expected. It seems that this was due to the fact that this method of 
preparation did not give a uniform surface layer of the alumina. In fact por¬ 
tions of the pumice were not completely covered so the catalyst really con¬ 
sisted of some alumina on the surface and also some of the uncovered pumice. 
Now that pumice was found to be a good catalyst for the formation of ethylene 
this will account for the high ethylene ratio. 

A comparison was now made of a supported catalyst on pumice and an 
unsupported one, both being prepared by heating A1(N08)3.9H20, thus the 
catalyst obtained should be free from any adsorbed ions, which is not true 
in the case of the precipitation methods. Catalysts number 3 and 4 were 
used, and the data are given in Table IV. 

Table IV 

Catalyst Ratio Wt. C2H4/Wt. CO2 

Unsupported No. 3 3.84 

Supported No. 4 3 -57 

In this case the unsupported catalyst gives a little larger amount of ethylene 
than does the supported one, but the difference is very small. 

While the experiments on the sintering of the catalysts did show an in¬ 
crease in the amount of ethylene formed, this could not be the major factor, 
for the difference was not great enough to account for the facts. Consequently 
the next approach was to study the effect of the adsorbed ions on the oxide 
surface. According to Taylor's theory the basic radicals are primarily de- 
carboxylating, so if ammonium hydroxide was added to an oxide catalyst 
the adsorption of the ammonia should increase the amount of carbon dioxide 
formed. A catalyst was prepared according to the procedure given for 
catalyst No. 4 above. This catalyst was assumed to be practically pure, 
being free from adsorbed ions, and its ethylene/carbon dioxide ratio was 3.57 
as shown in Table IV above. Now some of this catalyst was soaked in con¬ 
centrated ammonium hydroxide for a few minutes, thus causing the am¬ 
monia to be adsorbed on the alumina. After washing and drying the catalyst 
it was used in a run, and an ethylene/carbon dioxide ratio of 2.80 was ob¬ 
tained. This shows that the presence of the ammonia increased the relative 
amount of carbon dioxide formed. 

Some of catalyst No. 2 was treated in exactly the same way as was catalyst 
No. 4 above, and then some runs were made with it. In this case the formation 
of ethylene was favored, but this was due to the fact that on soaking the 
supported catalyst some of the alumina layer was removed from the pumice, 
thus leaving more exposed pumice, which favors the formation of ethylene. 
The catalysts prepared by heating A1(N08)3.9H20, as No. 3 above, favor the 
formation of larger amounts of ethylene than do those prepared by the pre¬ 
cipitation with ammonium hydroxide. This fits in very well with the general 
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explanation, that the adsorbed ions have an effect, and that the basic radicals 
favor decarboxylation. 

Another series of experiments was carried out in order to determine the 
effect of adsorbed ions on the oxide surfaces. A catalyst was prepared using 
the same procedure as that employed in making catalyst No. 4 above. This 
catalyst was then divided into three parts. One run was made using the pure 
aluminum oxide catalyst, then one of the other portions was soaked in a zinc 
nitrate solution, and the other in an aluminum sulphate solution. In the 
first case zinc was taken up by the surface^ while in the second case sulphate 
was adsorbed, the other two ions being common to the initial state of the 
catalyst. The solutions used contained equivalent concentrations of the 
salts, and in the case of the one with zinc nitrate, the catalyst was heated until 
all the nitric acid was driven off. On making runs with these catalysts, the 
effect of the acid and the basic radicals could be determined. According to 
the theory, the zinc should favor decarboxylation, while the sulphate favors 
the dehydration, or the formation of ethyfone. The data obtained are given 
in Table V. 

Table V 

Catalyst Ratio Wt. C2H4/Wt. COj 

AljOa pure 2.75 

AUOa + Zinc i. 13 

AlaOs + Sulphate 12.5 

From the data given in the above tabte, it has been shown that the presence 
of the zinc causes an increase in the amount of carbon dioxide formed, while 
the sulphate favors an increase in the amount of ethylene formed. These 
results are in harmony with the theory set forth by Taylor, and as the facts 
are explained much better with thte than by the theory of molecular porosity, 
it seems that the theory set forth by Taylor is probably the correct one. 

Conclusions 

1. The increase in the relative amount of ethylene obtained by sintering 
an aluminum oxide catalyst is considerably less than the difference between 
the dehydrating and decarboxylating catalysts. 

2. The use of washed pumice as a catalyst gives very large amounts of 
ethylene, with little carbon dioxide. 

3. The catalysts prepared by heating A1(N03)3.9H20, favor the formation 
of larger amounts of ethylene than do those prepared by the precipitation 
with ammonium hydroxide. 

4. While there was a slight increase in the amount of ethylene obtained 
by sintering a catalyst, this was small as compared to the effect of adsorbed 
substances. So the results of this paper show that Taylor's theory, which 
states that the extent of the changes induced in the adsorbed reactant will 
be determined by the specific individual catalytic activities of the adsorbed 
ions or their reaction products, is probably the correct one. 

ComeU Unmmty. 
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BY WILDER D. BANCROFT AND S. LOUISA RIDGW AY 

Although considerable work has been done on guanidine, its structure is 
far from being a settled question—as is shown by the different formulae 
adopted by various authors. A study of the reaction between guanidine and 
nitrous acid was undertaken in order that some interesting points in regard 
to the reaction itself might be cleared up, and that some light might be shed 
on the structure of guanidine through the speed of the reaction. Work on 
the decomposition products at various stages is being done by Mr. B. C. 
Belden^ of this laboratory. 

The reaction of nitrous acid and primary aliphatic amines has long been 
known to give the corresponding alcohol, nitrogen, and water. Conversely 
the evolution of nitrogen with nitrous acid has been used in the detection and 
estimation of primary aliphatic amines. This method was brought into 
prominence by Van Slyke’s- scheme for the anals^is of proteins and protein 
residues; and more especially by his very convenient apparatus. Van Slyke 
found experimentally how amino groups in natural amino acids, in which he 
was particularly interested, reacted. The large majority gave up their nitrogen 
quantitatively in five minutes, but he found some that reacted more slowly. 
He noticed that other compounds containing NHj groups reacted at dif¬ 
ferent speeds. 

His method has been extended by other workers to a large number of 
compounds. The time needed for complete evolution of nitrogen varies 
considerably even in simple compounds according to the position of the 
amino group. Dunn and Schmidt* showed this admirably for various 
amino acids having the amino group alpha, beta, gamma, delta, and epsilon 
to the carboxyl group. The reaction velocity becomes slower for each in¬ 
crease in the number of carbon atoms separating the two groups. Taylor,'* 
in a recent series of papers has studied the reaction carefully in order to deter¬ 
mine the order and the velocity in different cases. His method of carrjring 
out the reaction was necessarily considerably different from that of Van 
Slyke. In the latter an unknown excess of nitrous acid is present in such high 
concentration as to be decidedly unstable, forming NO and HNOs. Taylor 
found that pure nitrous acid of not greater than 0.2 N strength could be 
stabilized quite well if it were not shaken, no gas bubbled throu gh it, and if 
it were not in contact with air. He used 0.05 N solutions, and determined the 

• This work is done under the programme now being carried out at Cornell University 
and supported m part by a grant from the Heckscher Foundation for the Advancement (rf 
Research established by August Heckscher at Cornell University. 

‘ J. Phys. Chem., 35 , 2684 (1931). 

^ J. Biol. Chem., 9 , 185 (1911); 12, 275 (1912). 

^ J. Biol. Chem., 53 , 401 (1922). 

^ J. Chem. Soc., 1927 , 1923; 1928 , 1099, 1897; 1929 , 2052; 1930 , 2741. 
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amount of unchanged nitrogen compound rather than the volume of nitrogen 
evolved. He found that the velocities varied greatly according to the type of 
compound and the place of the amino group in it. Velocity varies according 
to the product, [compound H‘] [N02“] [HNO2], and the reaction is of the 
third order. The compounds investigated were ammonia, methyl amine, 
n-propyl amine, diethyl amine, glycine ethyl ester, and some aliphatic amino 
acids. In these latter, velocity varies as [NHa* RCOO~] [HN02]^ but a 
complex is probably formed between NHs* RCOO~ and HNO2, making the 
first expression given perfectly general. 

Other factors than the relation of the amino group to the compound have 
been found to influence the velocity of the reaction. Dunn and vSchmidt 
found temperature to be important. Taylor found that salts and mineral 
acids have a depressing effect due to lowering of the nitrite ion concentration, 
while the ion of the compound, nitrite ion, or nitrous acid in excess have an 
accelerating one. Neither Dunn and Schmidt or Taylor have given any re¬ 
sults on the action of nitrous acid on the NH2 group of amides. From their 
fundamentally different structure, they would be expected to act differently. 
It has been found that mineral acid must be added before they react. 

In the case of more complex compounds there is a great deal of confusing 
data and disagreement as to what they signify. It is either definitely or 
tacitly assumed by most authors that, if a compound reacts with pure nitrous 
acid to give off one or more atoms of nitrogen, the nitrogen evolved represents 
one or more — NH2 groups present in the original compound. If acid must be 
added before nitrogen is evolved, it is assumed that the original compound did 
not contain an ~NH2 group, but that under the influence of the acid, it re¬ 
arranged to form one. (Acetic acid is present in the Van Slyke apparatus, 
so in cases where there is a slow reaction which might be due to acetic acid, 
the reaction with pure nitrous acid must be carried on in another way.) This 
explanation is simple and plausible as long as we arc dealing with compounds 
not having more than one nitrogen atom on a carbon, as for example aceta¬ 
mide. It may still be the best one for every case. 

A review of the work done on guanidine in this connection brings up some 
interesting questions. Pellizzari‘ reported a small amount of cyanamide 
formed by the reaction of nitrous acid on guanidine (not in the Van Slyke 
apparatus); he also reported nitrosoguanidine as an intermediate compound. 
Hale and Vibrans* made a small number of runs on guanidine in a modified 
Van Slyke apparatus to use for comparison in other work. With glacial 
acetic acid and mixtures of glacial acetic and higher fatty acids nearly at the 
boiling temperature, two nitrogens of guanidine were liberated in 12-15 min¬ 
utes. With hot 50% and 85^ acetic acid, 5.49^ and 9.6% respectively were 
evolved. Plimmer,^ using the Van Slyke apparatus, found very little reaction 
in the presence of acetic acid, gradually increasing reaction up to 1/3 of the 
total nitrogen in the inresence of increasing amounts of HCl up to 1.6 N 

1 Gazz., 511 , 224 (1921). 

* J. Am. Cham. Soc., 40,1059 (1918). 

» J. Cham. Soc., 127 , 2651 (1925). 
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(approx.), liberation of about 2/3 of the nitrogen in the presence of 2 N acid, 
and nearly complete reaction with considerably more acid. All the runs 
lasted approximately 24 hours. The following figures are part of a table 


given in his article: 

With 

Expt. 1 

Ilrs. 

Temp. 

% N. evolved 

2 CC. H2O 

25 

13 

10.0 

2 CC. IK 1 

24 

J1 

20.1 

4 CC. IK l 

23 

II 

31.6 

5 CC. HC'l 

24 

12 

77-9 

6 CC. IK'l 

24 

10 

80.1 

7 CC. Ht'l 

24 

13 

87.4 

2 CC. HjO 

Expt. 2 

24 

10 

3-5 

2 CC. HCl 

23-5 

0 

12.4 

3 CC. HCl 

23-5 

10 

14-7 

4 CC. HCl 

23-S 

11 

27.8 

5 CC. HCl 

25 

1 1 

71.8 

6 CC. HCl 

24 

12 

81.s 

7 CC. HCl 

23-S 

14 

88.4 

8 CC. HCl 

23 

14 

90s 


The extraordinary thing about Plimmer^s data is that there is no figure 
between 31.6% nitrogen evolved and 71.8% nitrogen evolved. It looks as 
though the second nitrogen came off instantaneously when it cam^ off at all, 
while the third nitrogen came off slowly and incompletely. This is so unlike 
anything that is known that the reaction has been studied with some care. 
As might have been expected^ the results turned out to be another case of the 
misleading experiment. Plimmer was not misled because he apparently 
never noticed the remarkable features of his data. Plimmer’s results arc 
in disagreement with the statement of KralP who says that guanidine reacts 
with only one of its nitrogen atoms even in the presence of excess mineral acid. 
He may have considered a concentration of less than 1.5 N as an excess reason¬ 
ably enough. Hynd and MacFarlane* on the other hand agree with Plimmer. 
Because the investigations were going on independently at the same time, 
and Plimmer published first, they do not give full data. They disagree in 
that they get complete evolution of nitrogen with 6 % and 12% sulphuric 
acid (approx. 1.2 and 2.4 N), while Plimmer never gets an entirely complete 
reaction even in the presence of the larger amount of acid. It may be that 
there is some specific difference between hydrochloric and sulphuric acids. 
In general our results confirm those of Plimmer. 

Through all this work, various formulae have been assigned to guanidine 
to account for its behaviour, not only toward nitrous acid, but in its other 

^ J. Chem. Soc., 107 , 1396 (1915). 

2 Biochem. J., 20, 1264 (1926). 
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reactions, syntheses, and decompositions. HN: C.(NH2)2 has few supporters 
now as the formula for free guanidine. Krall' in order to explain his results 
postulates: 


I 


/ 


NH, 


HN:C 


\ 


NH 


alkali hydroxides 


acids 

<- 


NHs 


/ 

HjN.C 


N 


II 


Plimmer® adopts I which he considers changes to HN:C(NH2)2in the pres¬ 
ence of strong acid and accounts for the liberation of 2/3 of the nitrogen. 
This is analogous to the structures Werner® assumes for urea: 


/ 


0 


HN:C 


\ 


NH, 


OH 


/ 

HN:C 

\ 


NH* 


Hynd and MacFarlane*^ consider that since guanidine is a very strong mon¬ 
acid base, the formula should be 


HN:C 


/ 


NH, 


\ 

NH 

/ \ 

OH H 


dissociating to give a guanidine ion 


NH, 


X 

HN:C 

\ 


N 


In the presence of strong acid, they consider that this then changes to 


N 


X 

Cl H.H, N.C 

\ 


1 


NH3 


1 J. Chem. Soc., 107 , 1396 (1915)- 

* J. Chem. Soc,, 127 , 2651 (1925)- 

* “The Chemistry of Urea“ (1923). 
^ Biochem. J., 20,1264 (1926). 
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the free amino group reacts with nitrous acid, and «rea is formed, iixmnediatdb^ 
reacting with nitrous acid. All of these formulae have been discussed by 
Bancroft and Barnett.^ They have criticized that of Hynd and MaeFarlane 
on the basis that it is unnecessary and improbable to have two pentavalent 
nitrogens on the same carbon. In any case guanidine can only be a mon¬ 
acid base, for all the nitrogens are on the same carbon. 

According to Sidgwick,^ all of these ring formulae for guanidine and the 
corresponding ones for urea are impossible on the best modem theory of 
atomic linkage. From the covalency rule, nitrogen can have only four co¬ 
valent linkages, three of which are normal and one coordinate. Its external 
shell can not contain more than eight electrons. It has five to start with 
and therefore can not take on more than three more. A nitrogen with three 
normal covalent linkages may join coordinately with a positive ion such as 
hydrogen and thus form a positive ion with four covalent linkages. This is 
capable of forming an ionic linkage with a negative ion such as chlorine. 
NH4* in NH4CI is an example of such a case. All so-caUed pentavalent 
nitrogens have one ionized link. lie gives as the only possible formulae: 


HN:C< 




NH 

NH2 

/NH- 

i 


HN;C\ 

C 

Nil 2 

\NH,+ 

/X 


H—N—N—H 


These last two would have electric forces in the molecule which wduld make 
the boiling point of guanidine higher than that of compounds, of the same 
class and approximately the same molecular weight, containing only normal 
covalent linkages. The second molecule represented is really that of an in¬ 
ternal salt, which would have salt-like properties—solubility in water, in¬ 
solubility m ether and benzene, and a relatively high boiling point. The last 
molecule represented would have properties intermediate between the first 
two. The corresponding forms for urea are:— 


0:0 




HOH 

NH2 

/NH- 

i 


0 :C<^ 

C 

-NHs 


/X. 


HN—^NH 


The same considerations apply to these as well. The physical properties of 
guanidine which are important for our purpose are compared with those of 
acetamide, a normal acid amide of the same molecular weight, propyl amine, 
and urea in the following table. 

^ J. Phys. Chem., 34 , 1217 (1930). 

^ Non-resident lecturer at Cornell for the second term 1930-31. 
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Solubility in 


Name 

M.W. 

M.P. 

B.P. 

Water 

Ether 

N-propyl amine 

59 

— 

49 

soluble 

soluble 

Acetamide 

59 

82 

222 

97 gm/ioo 

dif. sol. 

Urea 

60 

132.6 

dec. 

79 gm/ioo 

.0004 gm/ioo 

Guanidine 

59 

dec. i6o‘ 

— 




As th^ stand, these properties do not conclusively favor any one formula for 
guanidine or urea. 

We attempted to reproduce Plimmer’s* work, for it seemed significant, if 
true, that each atom of nitrogen in guanidine should come off separately and 
at its own rate. Our results show very good agreement with his, and are much 
more detailed. We can not conclude on the face of this however that the 
nitrogens each have a separate rate. For each particular concentration of 
acid, whose effect on the rate of reaction of guanidine and nitrous acid we 
wished to study, we constructed a time-reaction curve. These were made by 
running the reaction under as nearly constant conditions as possible for dif¬ 
ferent lengths of time. 

The standard large-sised Van Slyke apparatus was used at room temperature 
—approximately 25®. 8.7 cc. glacial acetic acid and 34.8 cc. 30% sodium nitrite 
were introduced into the apparatus and shaken to form nitric oxide to wash 
out the air. When air was thoroughly washed out, 20 cc. of the mixture were 
left in the reacting chamber, 5 cc. of approximately 0.85% guanidine car¬ 
bonate and 2-4 drops of caprylic alcohol (to prevent foaming) were intro¬ 
duced through the side burette. This was followed by the necessary amount 
of mineral acid, put in all at once rather than 1 cc. at a time as previous 
workers have done. The nitrogen evolved was measured in cc.’s and changed 
to milligrams by Van Slyke’s table. Blanks were found for each set of con¬ 
ditions, and all results were corrected for these. If the reaction required a 
half hour or less, the shaking was as continuous as possible; if the time was 
longer, the shaking lasted through the first five and the last twenty minutes. 
For the runs with $ cc. of acid, the shaking was for the last ten minutes only. 
The amount of shaking was found to be very important, as shaking decom¬ 
poses nitrous acid very rapidly. The guanidine carbonate was from the 
Eastman Kodak Co. The nitrogen content, all of which was assumed to be 
from the guanidine radical, was determined by the Kjeldabl method. Cf. 
Taylor.* The experimental error in this work was large, especially over 
long periods of time. Stopcocks were kept well ground and greased, and all 
runs where there was any possibility of slow leaks were carefully discarded; 
but there remain differences due to slight temperature changes, differences in 
mixiDg or shaking, etc. 

With 1.56 and 1.72 N HCl (4 cc. and 4 1/2 cc. respectively of concentrated 
or 11.3 N acid), the reaction was quite slow. No distinction could be made 

‘ Krall: J. Chem. Soc., 107 , 1396 (1915). 

• J. Chem. Soc., 127 , 2651 (1925). 

* J. Chem. Soc., 1927 , 1923. 
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Fio. I 

Reaction of Guanidine and 4 cc of Acid 

between the rates at which the first and second nitrogen atoms were liberated 
in the second case. In the first, after a relatively fast initial evolution of 
about 20% of the nitrogen, the curve flattened out. With 4 cc. of acid, the 
first third of the nitrogen was about gone at the end of 24 hours, the length 
of Plimmer's run. He used a slightly different-sized apparatus, so that the 
4 cc, of acid he used gave a somewhat higher concentration; he made his runs 
at a lower temperature. The two differences are counterbalancing. He did 
not use 4 1/2 cc. of acid. With 5 cc. of HCl, 1.88 N, the whole reaction was 
very much faster, so that as Plimmer found, at the end of 24 hours, 2/3 or 
more of the nitrogen was liberated. As a matter of fact, we-found that in the 
first hour, sixty percent of the total nitrogen was evolved, and then the 
reaction became slow. The experimentally obtained values for the three 
concentrations cf H(^l are given in Tables I-III, and in Figs. 1-4. These 
results show conclusively that the second nitrogen of guanidine does not 
come off quickly after the first nitrogen has been liberated relatively slowly 



Fig. 2 

Reaction of Guanidine and 4J cc of acid. 
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and nearly completely, as Plimmer^s results seem to indicate. We find in¬ 
stead quite normal time-reaction curves. 


Table I 

Reaction with 4 cc. IICl 
Total nitrogen 18.14 nig. 


Time 

N evolved 
mg 

% total N 
evolved 

. Time 

N evolved 
mg 

total N 
evolved 

3/4 hr 

2.47 

10.8 

>5 3/4 

7.24 

39-9 

I 1/2 

2.78 

15 3 

17 

8.10 

44-6 

2 

3.38 

18.6 

ig 

6.58 

36.3 

3 

3 93 

21.6 

23 7/10 

8.60 

47-4 

4 

4.06 

22.4 

41 1/6 

9-55 

52 6 

7 

S-io 

28 I 

48 

8.37 

46. I 

S 1/3 

5 09 

28.1 

49 

10.49 

57.8 

8 1/2 

5*73 

31,6 

60 

9.80 

54 0 

II 1/2 

5 40 

29.8 

68 1/3 

12.34 

68.0 

13 1/4 

5-46 

30.1 

77 1/3 

7.Q0 

43 



Comparison of Reaction of Guanidine with 4, 4} and 5 cc of Acid 
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Table II 

Reaction with 4 1/2 cc. HCl 
Total nitrogen 18.14 mg. 


Time 

N evolved 

total N 
evolved 

Time 

N evolved 
mg 

% total N 
evolved 

5 niin 

1.09 

6.0 

2 1/2 

S19 

28.6 

10 

1.09 

6.0 

2 3/4 

6.49 

35-8 

15 

1.10 

6 I 

3 

2-95 

16.3 

20 

2.86 

15-7 

3 

6.79 

37-4 

25 

I .32 

7-3 

3 1/2 

6.74 

37-2 

25 

3 07 

16 9 

4 

952 

52.5 

30 

3 46 

19 I 

41/2 

8.06 

44.4 

40 

2 03 

11.2 

41/2 

8.22 

45-3 

I hr 

4 01 

22 6 

s 

10.16 

56.0 

I 1/2 

3-27 

t8.0 

10 

M 

6 

0 

00 

ITi 

2 

4-58 

253 

12 l/lO 

13 19 

72.7 


Table III 

Reaction with 5 cc. HCI 
Total nitrogen 18.14 mg- 


Time 

N evolved 
mg 

total N 
evolved 

Time 

N evolved 
mg 

total N 
evolved 

5 niin 

3-13 

173 

40 min 

9 71 

53-6 

10 

3-40 

18.7 

40 

10.21 

S6.3 

15 

5.20 

28.7 

42 

8.56 

47-2 

20 

6 60 

3^-3 

45 

II .91 

65.6 

20 

738 

40.8 

50 

7.83 

43-2 

21 

7 90 

43-6 

I hr 

9.99 

SS-i 

25 

6.59 

36.4 

I 

10.15 

S6-S 

30 

7-31 

40-3 

I 1/2 

11.80 

65.0 

30 

7.61 

41.9 

I Ii/t 2 

13-76 

75-8 

30 

9.23 

509 

3 

13-43 

74-0 

30 

10.40 

57-3 

4 1/12 

14-39 

79-3 

35 

6.58 

36.2 

6 3/4 

15.21 

83-3 

35 

6.60 

36.4 

10 1/2 

1S-81 

M 

00 

36 

7.20 

39-7 

IS 3/4 

M 

0 

97-6 

40 

963 

53-1 

19 s/6 

19.27 

106.2 


Sulphuric acid was used also, to find out whether or not there is a specific 
effect due to the acid. As we have already noted, Plimmer never got complete 
evolution of nitrogen with HCl while Hynd and MacFarlane did with HjS04. 
In order to make the results comparable with those for which HCl was used, 
concentrated HsS04 was diluted with water until it was just equivalent to the 
concentrated HCl, volume for volume, and an equal volume of H2SO4 could 
be substituted for HCl. The normality of the two reaction mixtures with 
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the different adds was then just the same. Using s cc. of acid, HCl accel¬ 
erated the reaction more than HsS04, while with the lower concentrations 
just the opposite was true. The experimental results are given in Tables 
IV-VI, and in Figs. 1-4. With HjSOi, as with HCl, all the evidence is against 
the rapid liberation of the second nitrogen after the slow liberation of the first. 

Table IV Table V 


Reaction with 4 cc. HjS04 Reaction with 41/2 cc. H2SO4 

Total nitrogen 18.14 rag. Total nitrogen 18.14 mg. 


Time 

N evolved 
mg 

% total N 
evolved 


Time 

N evolved 
mg 

% total N 
evolved 


1/2 hr 2.23 

12.3 


1/4 hr 

2.24 

12.4 


1/2 

2.43 

13*5 


1/2 

2.95 

16.3 

I 


2.78 

iS -3 


3/4 

4.00 

22.1 

2 


342 

18.9 


I 

5.57 

30 7 

2 

1/20 

10.17 

56.0 


I 

6.62 

36 -5 

3 

1/2 

6.57 

36.2 


I s/6 

7.02 

37 8 

5 


7.07 

38.1 


3 11/12 

11.49 

63 -3 

9 


10.31 

56.8 


5 1/3 

10.98 

60 5 

12 

1/2 

9-77 

S 3 8 


6 1/6 

11.18 

61 6 

18 

1/12 

11.22 

6r .9 


7 

10 67 

58.8 

24 


13 61 

75*0 


9 

13 -34 

73-5 



15.98 

00 

00 

12 

13.81 

76.1 

48 


16.57 

913 





60 

1/4 

16.35 

90.1 





72 


12.98 

71.6 








Table VI 







Eeaction with 5 cc. H2SO4 






Total nitrogen i 8 . 

14 mg. 





Time 


N evolved 
mg 

total N 
evolved 




15 min 


6.46 


35-6 




25 


7.23 


38 -9 




35 


8.72 


48.1 




I hr 


11.04 


60.9 




2 


II.51 


63 -4 




3 


11.49 


63 -3 




4 


12.73 


70.2 




6 1/12 


12.73 


70.2 




II 1/12 


13.92 


76.7 




171/4 


13.86 


76.4 



14 so 79-9 


20 
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Strong acids greatly accelerate the reaction between guanidine and nitrous 
acid. On the other hand, guanidine is known to react very slowly with nitrous 
acid in the presence of cold acetic acid. It will be profitable to discuss the 
effects which may be common to all acids. In the Van Slyke apparatus, all 
acids may do two things. First they liberate nitrous acid from the sodium 
nitrite. The general reaction is: 

NaNOa + IIA-^NaA + HONO. 

If the acid is weak, as acetic, we have 

^a -}■ N 02 ~ "F ha —> ^a "F A“ -F HNO2) 
and considerable amounts of both nitrous and the added acid are present. 
If the acid is strong, as the mineral acids, we have 

Na* + N02~ + H* + A~ Na* + A" + HNO2 
and larger amounts of nitrous acid are formed. That this is actually the case 
is shown by the much deeper blue solution when mineral acid is added. 
Theoretically the larger the excess of nitrous acid the faster the reaction 
takes place, and this might explain why guanidine reacts slowly with acetic acid 
and quickly with hydrochloric and sulphuric acids. Practically, a very large 
excess acts almost the same as a different very large excess. This is well 
illustrated by the fact that the reaction in the Van Slyke apparatus (where 
there is a large excess of nitrous acid even in the absence of mineral acid) 
has been reported as practically monomolecular, while Taylor,* working 
more carefully and without a large excess, finds that the reaction is trimole¬ 
cular. The difference in amount of nitrous acid liberated by weak and strong 
acids can not be sufficient to account for the difference in the reaction velocity 
in the presence of weak and strong acids and in the presence of different 
amounts of the same acid. 

The second possible effect is that of the hydrogen ions. Since each acid 
has its own ionization constant, the hydrogen ion concentration should be 
different in each case and the speed of the reaction different. But if the 
hydrogen ion concentration were about the same in equivalent amounts of 
two acids, the difference might well be within the limits of experimental 
error. The effect of the hydrogen ion concentration is sufficient to account 
for the difference in reaction in the presence of strong and weak acids. That 
the hydrogen ion concentration must be taken into account was shown in 
another way. Even with an excess of nitrous acid comparable to that in the 
Van Slyke apparatus in the presence of mineral acid, formed by dissolving 
nitrogen trioxide in water, the reaction velocity was greatly cut down in a 
low acid concentration. It would seem that the hydrogen ions acted in some 
way on guanidine (and other compounds which do not react with pure 
nitrous acid) to change it into a form attacked by the nitrous acid. 

There must further be some effect due to the acid itself. Sulphuric acid 
is less highly ionized than hydrochloric acid, but at two of the concentrations 
tried, it was the more effective in promoting the reaction. Besides the dif- 


^ J. Chem. Soc., 1928 , 1099, 1897; 1929 , 2052. 



GUANIDINE AND NITROUS ACID 


2961 


ference in reaction rates in the presence of different quantities of the same 
acid, cf Fig. 5, are far too great to be explained in any way on the basis of 
change in hydrogen ion concentration alone. The work of Hale and Vibrans,^ 
to which reference has already been made, gives us another illustration of a 
change in reaction velocity with different amounts of acid for which ex¬ 
planation on the basis of hydrogen ion concentration is impossible. For the 
same time and conditions, they get approximately 2/3 of the nitrogen evolved 
with glacial acetic and i/io with 85^. 

The facts of the reaction of guanidine and nitrous acid may be sum¬ 
marized to date in this way. With pure nitrous acid, guanidine does not 
react. With acid as a catalyst, it reacts slowly until a certain concentration 
of acid (which is specific for the acid) is reached; it then reacts fairly fast to 
give off the first two atoms of nitrogen. The third atom of nitrogen comes off 
more slowly than the first two. At present we can give no fuller explanation 
of the bearing of these facts on the decomposition of guanidine than is given 
in the following discussion. 

B. C. Belden^ of this laboratory has made experiments to ascertain the 
products formed by guanidine in its decomposition. This must be done 
largely outside the Van Slyke apparatus for there the concentration of inor¬ 
ganic salts is so high as to interfere with the tests for the small amounts of 
nitrogenous material present. Our first hypothesis was that urea is formed. 
The equation for the reaction of an amino group with nitrous acid as it is 
usually written gives urea from guanidine, the two substances are known to 
be closely related, Hynd and MacFarlane^ favor that view, and we obtained 
qualitative tests for urea in the guanidine reaction mixture after reaction 
in several cases. These reactions, taken in part from Werner,* may be con¬ 
sidered to represent this reaction: 

C'N2H3NH2 + HONO CON2II4 + N2 + H2O 
CX)N2ll4 + HONO~-HXrO + Ns + 2 H2O 
HNtX) + HONO-^Na + H2O + CO2 and HNCO + H2O + IIA 
-^C02 + NII4A NII4A + H0N0-->N2 + ha + 2 H2O. 

But urea obviously cannot be formed, for in the Van Slyke apparatus it 
would be acted on immediately in the presence of the strong mineral acid and 
the reaction would proceed to an end at once. Actually the last forty percent 
of the nitrogen is very slow to come off. The next suggestion was that 
cyanamide is formed, possibly through nitroso guanidine as an intermediate, 
as Pellizzari® reported in his experiments. These equations would represent 
the reaction: CN3H5 + HONO CN8H4 NO + H2O 
CN3H4NO~^rNNH2 + N 2 + H 2 O 
CNNH2 + HONO HNCO + N2 + H2O, 

‘ J. Am. Chem. Soc., 40 , 1059 (1918). 

* J. Phys. Chem., 35 , 2684 (1931). 

’ Biochem. J., 20 , 1264 (1926). 

^ ‘The Chemistry of Urea'" (1923). 

*Gazz., 511 , 224 (1921). 
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and the HNCO reacts as before. By experiments with pure nitrous acid, 
guanidine carbonate, and sulphuric acid, all in aqueous solution, Belden' 
showed the formation of 80% of the theoretical amount of cyanarnide, as¬ 
suming that the reaction was stopped before any of it decomposed. In experi¬ 
ments which Werner- did with cyanarnide and nitrous acid (in much more 
concentrated solution and under different conditions from those in the Van 
Slyke apparatus) he found that forty percent of the nitrogen of cyanarnide 
reacted rapidly and that the last sixty percent reacted slowly, due, he assumed, 
to the fact that forty percent of the cyanarnide is in the (''N NII2 form at the 
beginning and that the HN:(^*NH form only changes slowly to the first as it 
is used up. This last agrees very well with our data, better than assuming 
that the first nitrogen or fifty percent of the cyanarnide nitrogen comes off 
rapidly. However, pure cyanarnide put into the Van Slyke apparatus under 
the conditions, as nearly as possible, in which it would be formed there from 
guanidine, reacted slowly (with 5 cc. of H(i). Some of it should have reacted 
rapidly i.e. the part corresponding to the first forty percent of the nitrogen 
of cyanarnide or approximately the second thirty percent of guanidine. 

Summary 

1. The more important factors affecting the speed of the reaction, 
R(^H2 NH2 + HONO, are discussed. 

2. Evolution of nitrogen by the action of nitrous acid is generally consid¬ 
ered to mean that the compound originally contained, or rearranged to con¬ 
tain, an —NH2 group. This may not be true if more than ime nitrogen is 
attached to a carbon. 

3. The work on nitrous acid and guanidine to date is summarized. 

4. The various formulae given to guanidine are discussed. No conclusions 
are drawn. 

5. Experimental results on the reaction of guanidine and nitrous acid in 
the presence of hydrochloric and sulphuric acids of 1.5 to 1.9 normality are 
given. This work agrees generally with previous work, especially that of 
Plimmer. It is more detailed for the acids and the concentrations of those 
acids which it covers. 

6. Guanidine and pure nitrous acid do not react. In the presence of acid 
up to a certain concentration, they react slowly. In the presence of acid above 
that concentration, they react quickly to liberate two atoms of nitrogen. The 
1 bird atom of nitrogen is evolved more slowly. 

7. Of the possible effects of acid in promoting the reaction between 
guanidine and nitrous acid—^greater concentration of nitrous acid, hydrogen 
ion concentration, and a specific effect due to the acid itself—the last two 
are most active. 


1 J. Phys. Chem., 35 , 2684 (i93i)- 
* ^The Chemistry of Urea” (1923). 
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8. Some preliminary experiments on the decomposition products of 
guanidine by nitrous acid are discussed. 

This paper has raised several important questions which it has left un¬ 
answered. It was written to summarize the work so far because of the 
intrinsic interest and importance of the subject, and in an effort to formulate 
the issues clearly. These may be considered to be: (i) the structure of 
guanidine; (2) the probable rearrangement in the presence of acid by which 
it is made open to attack by nitrous acid; (3) the specific effects of different 
acids; (4) the nature of the decomposition products of the reaction between 
guanidine and nitrous acid in the intermediate and final stages, and the con¬ 
sequent explanation of the time-reaction curve. 

Cornell University. 



THE CHEMILUMINESCENCE OF SOLID SODIUM 


BY ROBERT M. BOWIE 

As long ago as the time of Davy, it was known that freshly cut surfaces 
of sodium or potassium in open air, when viewed in the dark, give off a 
faint light. G. Rebaul in igio correctly stated that this effect was due to 
the formation of the hydroxide upon reacting with the moisture in the air. 
In this article, eighteen reactions arc described which were used to determine 
the nature of the reaction which produces the luminescence. It was found 
that the liberation of hydrogen always accompanied the production of light, 
but its production did not always accompany the liberation of hydrogen. 
In no reaction in which a halide was formed, was luminescence produced. 
The luminescence seemed to be associated with the breaking of a hydrogen- 
oxygen bond (or bond to some clement resembling oxygen, as sulfur) of a 
vaporous, polar molecule. The spectrum of this chemiluminescence con¬ 
sisted of a narrow band with a maximum at about 510 m/x. 

Sodium metal when freshly cut and viewed in the dark, gives off a faint 
greenish light. This fact was probably noticed first by Davy as indicated by 
G. Rebaub in his article. Linneman^ also noted the fact in 1858, correctly 
stating its color, and gave an idea as to its intensity. He found that at about 
60® or 70®, sodium produced a light as bright as phosphorus. 

G. RebauP in 1910 worked with a sodium-potassium alloy. He showed 
quite conclusively that, although the phenomenon always accompanied the 
rupturing of the surface, it could not be ascribed to tribolurninescence, since 
with dry air, the rupturing of the surface went on but no light was produced. 
From this he concluded correctly that it was the formation of the hydroxide 
from the moisture in the air which produced the light. 

Spectrographically, it has been found that the chemiluminescence con¬ 
sists of a narrow band with a maximum at about 5100 A®. It was the purpose 
of this investigation to determine the nature of the reaction which accom¬ 
panied or produced the luminescence. 

The Investigation 

In order to conduct these experiments, it was necessary to have a means of 
producing a new surface of metal in a controlled atmosphere. In order to 
do this, the metal was placed in a small pressure gun having a cylinder five 
inches long with a bore 5/8 inches in diameter. The piston was forced down 
by a threaded rod turned by a handle. The metal was forced through a No. 

‘ G. Rebaul: Compt. rend., 168 , 1195 (1910). 

’£. liinneman: J. prakt. Chem., 75 , 128 (1858). 

’G. Rebaul: Compt. rend., 168 , 1195 (1910). 
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60 wire gauge hole in the end of the ‘‘gun’' into a pyrex glass tube having two 
side arms. The controlled atmosphere was admitted through one and drawn 
out through the other. 

In operation, the gas was first passed through the necessary drying or 
humidification trains and then into the tube for a period of half an hour in 
order to sweep out all other gases. About an inch or two of sodium wire was 
then exuded and the rate of reaction noted and compared roughly with the 
rate of reaction with moist air. The values obtained appear in column 3 in 
Table I. The light was then turned out and, after a sufficient time had 
elapsed, another few inches of fresh wire were exuded. At the same time, 
a piece of metal outside of the tube in the moist air of the dark room, was 
placed back of the tube so that it was viewed through the tube. In this way, 
the light emitted by the metal wire in the controlled atmosphere was com¬ 
pared roughly with that produced by moist air. Values thus obtained appear 
in column 4 of Table I. The reacting substances are given in column i. 

Table I 

Table of (Comparative Reactivity and Luminescence of Various Reaction 
Mixtures upon Solid Sodium 


Substance 

Reacting 


Admixed 

Gas 

Relative 
Reactivity 
Moist air - 1 

Luminescence 
Relative to 
Moist air = I 

Oj 



0 2 

0 

()* 

+ 

H,0 

1 

I 

H, 



0 

0 

H* 

+ 

H,0 

I 

I 

C’Oj 



0 

0 

c;o* 

+ 

H,0 

i-S 

1.2 

HOj 



1 

I 

cu 



O.Q 

0 

Br* 



0.8 

0 

I* 



0 

0 

Hc:i 



1.5 

0 

CsHsOH 



0.6 

0 

CH 3 OH 



0.6 

0 

H*S 



0.4 

0.2 

HsS 

+ 

H,0 

2 or 3 

i-S 

HNOs 


Dry air 

1.2 

0.1 

CsHiCOOH 


Dry air 

0.8 

0.1 

CjHsCOOH 


Diy H, 

0.8 

0.1 

SO, 



0 

0 

SO, 

+ 

H,0 

0.9 

0 

NH, 



0.6 

0 


Oxygen, after passing through an H2SO4 train and two CaCL tubes, pro¬ 
duced a grayish coat upon the metal wire at a moderate rate. However, 
no light accompanied the reaction. When the gas was passed through a 
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humidification train before entering the tube the reaction which took place 
resembled that with moist air, in that the white coating formed at the same 
rate and the light given off was of the same color and intensity. 

Hydrogen, when dried in the same way as the oxygen, did not react with 
the sodium nor was there any light produced but when humidified, a whitish 
coat was formed on the wire of sodium in the same way as with moist air. 
The light given off was of the same color and intensity as that obtained 
with moist air. 

The reaction with dried CO2 was the same as with dried hydrogen. Moist 
CO2, although reacting at about the same rate as moist air produced a dryer 
looking white coat upon the metal which appeared to be more loosely at¬ 
tached. It consisted chiefly of Na2CX)3. The light given off was slightly 
more intense than with moist air, but the color was the same. 

The three cases mentioned above indicate that water vapor was necessary 
to produce the effect. Water vapor alone should, therefore, produce the 
effect. To test this, water which had been previously boiled, was kept at 
about 7o°(' in a flask which was connected to one side arm of the tube while 
an aspirator was connected to the other. After evacuating for a period of 
about an hour, sodium was exuded into water vapor. The reaction resembled 
that of moist air, both as to rapidity and luminescence. 

Reactions with the halogens, chlorine, bromine, and iodine, were tried. 
The chlorine, made by the reaction of 112^04 on NaCl and Mn02 was passsed 
over solid KMn04 and then dried. The bromine was merely volatilized by 
reduction of pressure and passed directly into the observation tube. The 
vapor pressure of iodine was so low at 2o®C that it did not react. With both 
chlorine and bromine the reaction proceeded slightly less rapidly than with 
moist air, producing a white coat upon the wire. In neither case was light 
produced. 

HCl produced by dehydration of concentrated HCl solution with H2S()4 
reacted very rapidly with the sodium wire, turning it completely to NaCl. 
However, no light was produced. 

Inasmuch as all the above experiments pointed to the fact that water 
vapor was necessary for the production of light, other substances resembling 
water in some of their chemical properties, were tried. Vapors of ethyl and 
methyl alcohols reacted slowly with the metal to form very wet looking coats, 
but produced no light. 

H2S was tried because of its marked resemblance to H2O in chemical 
properties. The gas produced by the reaction of H2O upon AI2S3 was dried 
by passing over more AI2S3 and thence over CaCh. It produced a very faint 
light upon only the fresh surface although the fairly slow reaction continued 
for some time after. The color of the light was the characteristic greenish 
blue. Moist H2S reacted very rapidly with the metal, at times producing 
heat enough to melt the wire which then formed in little balls. In the dark, 
these balls appeared as bright bluish specks which quickly disappeared. 
Finally one of these balls took fire and burned with the characteristic yellow 
flame of sodium, consuming all the metal in the tube. 
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In the case of nitric acid, the concentrated material was mixed with 
twice its volume of HjS{)4 and placed in a flask on a hot plate. Previously 
dried air was passed over the surface of the acid and into the observation 
tube. With the acid at a temperature of 4o°C a slight glow was produced 
which increased in intensity as the temperature was raised to 8s®C. Inas¬ 
much as there were two acids in the flask, there is a possibility that H2S04 
may have caused the luminescence. If this had been the case, then a sulfate 
would have been formed. Therefore, the coated wire was placed in distilled 
water, allowed to react, acidified with HCl, boiled to remove CO2, and treated 
with a BaCU solution. The absence of a white precipitate indicated that 
no HsS 04 had entered into the reaction. 

The glacial acetic acid was also placed in a flask on a hot plate. Pre¬ 
viously dried air was passed over its surface and thence through a CaCU 
tube into the observation tube. At a temperature of io5“C, a very faint 
glow appeared, which evidently continued at a lower temperature, but 
diminished in intensity. 

Strange to say, S()2 produced no reaction when dry and no light when 
dampened or dry, although the reaction of the dampened gas appeared to be 
rapid enough. 

Inasmuch as all the substances listed so far have had either a neutral or 
an acid reaction, an alkaline substance was tried. NHj was dried by passing 
over solid KOH and was then allowed to enter the observation tube. Al¬ 
though sodamid was formed quite rapidly, no light was produced. 

In the above experiments, it was found that the liberation of hydrogen 
always accompanied the luminescence, but that its liberation was not always 
accompanied by light. Light never accompanied the formation of a haUde. 
Furthermore, the data indicated that the luminescence was associated with 
the breaking of a hydrogen-oxygen bond (or a bond to some element re- 
sembUng oxygen, as sulfur) of a vaporous, polar molecule. 

The author is deeply indebted to the Physics Department of Iowa State 
College for the loan of the apparatus and for the materials used in this in¬ 
vestigation. He also wishes to thank Dr. J. W. Woodrow, under whose 
guidance this work was carried to completion. 
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THE INFLUENCE OF STRONG ELECTROLYTES UPON THE 
CATALYTIC INVERSION OF SUCROSE BY 
HYDROCHLORIC ACID AT 30® 

BY WILLIS W. FLOYD 

Introductory 

The usual stoichiometric equation for the inversion of sucrose indicates that 
the hydrolysis is a bimolecular reaction between sucrose and water, thus, 

C12H22O11 + H2O —► 2 (\Hi 206. 

Studies of the colligative properties of aqueous sucrose solutions* however, 
show that the sucrose exists as a hydrate in solution. The most probable 
mechanism, therefore, is that the dissolved sucrose first forms a hydrate with 
the water, and that it is this hydrate which is catalytically hydrolyzed by 
the hydrogen ion. The equation for the hydration of the sucrose may be 
written, 

(\2H220n + xHsO Ci2H220,i XH20, (i) 

where x is a variable number, usually of the order of 6 ±2. The sucrose hy¬ 
drate may then combine with the hydrogen ion to form an intermediate com¬ 
plex which rapidly decomposes to produce the products of the inversion, ac¬ 
cording to the equation, 

Ci2H220ii-xH20 + H+ (\2H220u XH20 .H+ ^ 2CbHi206 

+ (x-i)H20 + H+. ( 2 ) 

Or, the sucrose hydrate may be hydrolyzed by the hydrogen ion directly into 
the reaction products, as represented by the equation, 

Ci2n220n-xH20 + H+ 2C6H12O6 + (x- i)H20 + H+. (2') 

Since the inversion velocity is increased by increasing the proportion 
either of the sucrose or of the hydrogen ion, but is not increased by increasing 
the proportion of the water, it follows that either reaction (2) or reaction 
(2'), rather than reaction (i), must be the measured reaction. That is, the 
hydration of the sucrose is immeasurably rapid in comparison with the 
catalytic decomposition of the sucrose hydrate into glucose and fructose. If 
this is true, the inversion of sucrose proceeds essentially as a unimolecular 
reaction. 

There has been much disagreement among the investigators*^ as to the 
unimolecularity of the inversion process. The results obtained by the in- 

^Bousfield: Trans. Faraday Soc., 13 , 141 (1917); Frazer and Myrick; J. Am. Chem. 
Soc., 38 , 1907 (1916); Scatchard: 43 , 2406 (1921). 

* a. Armstrong and Caldwell; Proc. Roy. Soc., 74 , 195 (1904); Caldwell: 78 A, 272 
(1906); Colin and Chaudun: J. Chim. phys., 24 , 507 (1927). 

b. Meyer: Z. physik. Chem., 62 , 59 (1908); Worley: Proc. Roy. Soc., 87 A, 555 (1912); 
Fales and Morrell: J. Am. Chem. Soc., 44 , 2071 (1922). 

c. Hudson: J. Am. Chem. Soc., 30 , (1908); Rosanoff, Clark, and Sibley: 33, 

1911 (1911); Jones and Lewis: J. Chem. Soc., 117 ,1120 (1920). 
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genious method of Pennycuick* show that there is a slight but steady increase 
in the unimolecular velocity constant as the inversion proceeds. This in¬ 
crease, however, is of the same order of magnitude as the common experi¬ 
mental error and so is usually overshadowed by the latter. Hence, for 
practical purposes the velocity coefficients determined by the ordinary polar- 
imetric method may be considered constant throughout the entire course of 
the inversion. 

It has long been known that certain neutral salts increase the rate of in¬ 
version of sucrose by acids. (Considerable experimental work has been done 
on this neutral salt effect, and an extensive, widely varied theoretical litera¬ 
ture has been produced in the attempt to explain it. Several of these better 
known theories are summarized in a recent article by Bowe.^ 

Of particular interest in connection with modem theories of reaction 
kinetics in general are the efforts on the part of some to correlate the velocity 
of sucrose inversion with the thennodynamic concept of the activities of the 
reactants. As defined by Lewis,® the activity of a constituent of a system is 
the true measure of its thermodynamic concentration. Hence, the velocity 
of a given reaction is proportional to the product of the activities of the 
reactants, each raised to a power equal to the coefficient of the reactant in the 
equation which represents the given reaction. 

W. (\ M. Lewis and his associates® have used the hydrogen electrode to 
determine the activity of the hydrogen ion in acid solutions containing 
sucrose. The electromotive force measurements of Taylor and Bomford^ 
show that the activity of the hydrogen ion in such solutions increases during 
the inversion process. Scat chard® has shown that the hydrogen electrode does 
not give reliable values of the hydrogen ion activity in sucrose solutions. The 
hydrogen gas hydrogenates the sucrose, producing an inconstant hydrogen 
pressure, and the sucrose produces an unknown change in the liquid junction 
potential of the cell. 

Bronsted^ represents the inversion of sucrose by acids as occurring in two 
steps. The first step consists of the formation of an intermediate complex 
from a sucrose molecule and a hydrogen ion, 

CnHjsOn + H-^ C 12 H 22 O 11 • H+. (3) 

This is followed by the hydrolysis of the intermediate complex to form glucose 
and fructose, with the re-liberation of the hydrogen ion, 

C,2H220n H^ + H 2 O C 6 H 12 O 6 + CeHisOe + H+ (4) 

®Pennycuick: J. Am. Chem. Soc., 48 , 6 (1926). 

^ Bowe: J. Phys. Chem. 31 , 291 (1927), 

* Lewis: Proc. Am. Acad., 37 ,49 (1901); J. Am. Chem. Soc., 35 ,16 (1913); 45 ,16 (1923)- 
Cf. also Lewis and Randall: 43 , 1112 (1921). 

« Jones and Lewis: J. Chem. Soc., 117 ,1120 (1920); Moran and Lewis: 121, 1613 (1922); 
Corran and Lewis: J. Am. Chem. Soc., 44 , 1673 (1922). 

’ Taylor and Bomford: J. Chem. Soc., 125 , 2016 (1924). 

® Scatchard: J. Am. Chem. Soc., 48 , 2026 (1926), 

•BrCnsted: Z. physik. Chem., 102, 169 (1922). 
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He assumes that reaction (4) is exceedingly rapid as compared with reaction 
(3). Accordingly, he represents the velocity of inversion of sucrose by the 
expression, 


V = kCgCh 


Wh 

fx 


k 


fx 


is) 


Here c, f, and a indicate the concentrations, the activity coefficients, and the 
activities of the components, respectively. The subscripts (s), (h), and (x) 
refer respectively to the sucrose, the hydrogen ion, and the intermediate 
fugitive complex. 

The present investigation was undertaken with the view of studying the 
influence of strong electrolytes upon the rate of inversion of sucrose by acids. 
From the results obtained we have hoped to gain further information con¬ 
cerning the inversion process and to test the applicability of the modern 
theories of solution. To this end we have employed four typical salts of dif¬ 
ferent valence types. To emphasize the specific influence of the salts upon the 
velocity of inversion we have arbitrarily chosen to employ constant concen¬ 
trations of sucrose and of acid, and to vary only the concentration of the salt. 


Materials and Apparatus 

Sucrose, The sucrose used in this research was the purest crystalline rock 
candy available. It was first pulverized and preserved in a desiccator over 
anhydrous calcium chloride. Duplicate detenninations showed an ash con¬ 
tent of less than 0.001 percent. 

Hydrochloric Acid, C'onstant boiling hydrochloric acid^® was taken as the 
source of the standard acid. From this a 0.5 N acid was prepared by dilution. 

Salts, The salts used in preparing the ionic solvents were of the “Ana¬ 
lyzed” quality. They were further purified by at least two crystallizations 
from pure distilled water. After heating to constant weight, the solutions of 
sodium chloride and potassium sulphate were made up by direct weighing. 
The barium chloride was allowed to stand over anhydrous calcium chloride 
until analysis showed it to be the pure dihydrate, BaCl2.2H20. It was 
weighed directly as such. A concentrated “mother” solution of magnesium 
sulphate was prepared and then standardized on a weight molal basis by pre¬ 
cipitation as barium sulphate. The various concentrations of this salt were 
made by the proper dilution of the mother solution. 

Apparatus, The polarimeter was a high precision, triplefield Schmidt and 
Haensch instrument, readable by two verniers to 0.01®. The 40 cm. inversion 
tubes were encased in metal jackets through which water was circulated 
under pressure from a constant-temperature water-bath. This bath was 
electrically heated and electrically controlled to within ± 0.02® of a tempera¬ 
ture such that the water passing through the inversion tube was exactly 
25® rfc 0.02, or 30® ± 0.02, depending on the temperature chosen. The tem¬ 
perature of the water bath was read on a standard thermometer, graduated in 


^®Foulk and Hollinsgworth: J. Am. Chem. Soc., 46 , 1220 (1923). 
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o.i® and readable to d= o.oi®. A short stem thermometer graduated in 0.2® 
was immersed in the inversion solution. An intense sodium light was used 
for illumination. 

All flasks, burettes, and pipettes were accurately calibrated by weight at 
25® and at 30®. Each polarimetric reading recorded is the mean of at least 
two independent readings, and each is accurate to ± 0.01®. 

Experimental Procedure 

For each experiment exactly 1.7109 grams of sucrose (air weight) and the 
desired quantity of salt, weighed to one-tenth of a milligram, were trans¬ 
ferred to a 50 cc. calibrated flask. The sucrose and salt were then dissolved 
in a minimum amount of distilled water, exactly 10 cc. of the 0.5 N hydro¬ 
chloric acid were added, and the whole was made up to volume at the tem¬ 
perature of the experiment. The solution was thoroughly shaken, quickly 
weighed to the nearest centigram, and then transferred as quickly as possible 
to the inversion tube, ('are was taken to have the temperature of the com¬ 
ponent solutions at the temperature of the bath before mixing. The instant of 
adding the acid to the sucrose solution was taken as zero time. 

Polarimetric readings were taken at definite time intervals. From six to 
ten readings were taken in the early period of the inversion and an equal 
number near completion. Each reading recorded is the mean of two or more 
readings taken about 30 seconds apart. For every solution duplicate series 
of measurements were made. When these did not agree other series were 
made until satisfactory agreement was obtained. 

Calculation of the Coefficients 

To calculate the values of the inversion constants we have made use of an 
algebraic modification of a method first used by Guggenheim.His rela¬ 
tion is, 

kti + 2.3026 log (v/ — Vi) = A. 

On transposing this reduces to, 

2.3026 log (vi' — Vi) = —kti + A. 

Here Vi is the ith reading of the series taken in the early period of the inversion, 
Vi' is the ith reading of the series taken near completion, and A is a constant. 
The reading Vi is taken at time ti measured from the instant of starting the 
inversion; Vi' is taken at time ti + r measured from the instant of starting 
the inversion. The constant time interval r is at least twice the half period 
of the inversion. Since in sucrose inversion the polarimetric reading decreases 
with the time, Vi > Vi', hence the signs of Vi and v/ must be interchanged 
in the relation derived by Guggenheim to give a usable expression. The 
relation then obtained is 

“ Guggenheim: Phil. Mag., (7) 2, 538 (1926). 
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2.3026 log (Vi—Vi') = -kti + A* 


( 6 ) 


The mean value of the velocity coefficient k is found by use of this relation 
without determination of the initial and final inversion readings. 

An example will serve to illustrate the method employed. For the solution 
o.i molar with respect to sucrose, o.i molar with respect to hydrochloric acid, 
and 2 molar with respect to sodium chloride at 25® the following data were 
obtained: 


ti 

U 

ts 

t 4 

tb 

te 

t? 

ts 


ti 



Vi 


= 60 min. 

Vi 


7.92® 

ti 

=s 120 

V 2 

= 

6.8t 

t 2 

= 180 

V3 

= 

5-^3 

ta 

== 240 

V4 

= 

4-94 

t 4 

= 300 

V 6 

= 

4.14 

ts 

= 360 

Ve 

= 

341 

te 

= 420 

V7 

= 

2.73 

t: 

= 450 

Vs 

=r 

2.44 

ts 


t, -h 960 Vi' 


+ 960 = 

1020 min. 

v‘' 

= 

-i.os 

+ 960 = 

1080 

Vs' 


—1.26 

+ 960 = 

1140 

y3' 


-1.44 

+ 960 = 

1200 

V4' 

= 

—1.60 

+ 960 = 

1260 

Vs' 

s= 

“ 1*75 

+ 960 = 

1320 

Vs' 

= 

—1.90 

+ 960 = 

1280 

V7' 

= 

-2.03 

+ 960 = 

1410 

Va' 

= 

— 2.08 


Substituting these values in the relations, 


2.3026 log (Vi - ViO 
2.3026 log (Vj — Vs') 
2.3026 log (V3 — Vs') 


—kti + A, 

—kts + A, 

—kts + A, etc., 


we obtain the following equations: 

2.3026 log 8.97 = 

2.3026 log 8.07 = 

2.3026 log 7.27 = 

2.3026 log 6.54 = 

2.3026 log 5.89 = 

2.3026 log 5.31 = 

2.3026 log 4,76 = 
2.3026 log 4.33 = 


— 60k -|- A, 

(i) 

— i2ok + A, 

(ii) 

— i8ok + A, 

(iii) 

— 240k + A, 

(iv) 

—300k + A, 

(v) 

— 360k + A, 

(vi) 

— 420k + A, 

(vii) 

—4Sok + A. 

(viii) 


The velocity coeflScient, k, may be evaluated by eliminating the constant 
A from any two of these equations. In order to weight each reading equally 
we eliminate A from equations (i) and (iii), (i) and (v), (i) and (vii), (iii) and 
(v), (iii) and (vii), (v) and (vii), (ii) and (iv), (ii) and (vi), (ii) and (viii), (iv) 
and (vi), (iv) and (viii), and (vi) and (viii), respectively. Thus, we obtain 
twelve independent values of k. The mean of these twelve values is the value 
taken for k for this determination. The subtractions are indicated below: 
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(i) - (iii) gives, 
Similarly, 


i2ok = 2.3026 (log 8.97 — log 7.27); 



k == 0.0017511. 


(i) 

- (v) gives, 

k = 0.0017525, 

(i) 

— (vii) gives, 

k = 0.0017601, 

(iii) 

- (v) gives. 

k = 0.0017540, 

(iii) 

— (vii) gives. 

k = 0.0017646, 

(V) 

— (vii) gives, 

k = 0.0017752, 

(ii) 

- (iv) gives. 

k = 0.0017518, 

(ii) 

- (vi) gives. 

k = 0.0017440, 

(ii) 

— (viii) gives. 

k = 0.0017498, 

(iv) 

- (vi) gives. 

k = 0.0017363, 

(iv) 

— (viii) gives. 

k == 0.0017486, 

(vi) 

— (viii) gives. 

k = 0.0017650. 

Average: 

k = 0.0017544. 


All of the values found for the velocity coefficient, k, are average values 
obtained in this manner. 


Experimental Results 

The experimental results of this investigation are given in Tables I«V. 
Table I shows the velocity coefficients of inversion of sucrose found at 25® 
for the ionic solvents listed. Tables II to V list the velocity coefficients of 
inversion of sucrose in aqueous solutions, respectively, of sodium chloride, 
barium chloride, potassium sulphate, and magnesium sulphate at 30®. Here 
m is the molality, N the normality, and fjL the total ionic strength as defined 
by Lewis and Randall.'* 


Table I 

The Velocity Constants of Inversion of Sucrose in o.i Molar Hydrochloric 

Acid Solutions at 25® 


Solvent 

(I) 

k.io* 

(2) 

Mean 

Salt-free acid 

79'55 

79.05 

79-35 

I N NaCl 

IIS -94 

115.10 

115-52 

2 N NaCl 

175-89 

175.44 

175-67 

0.9853 N BaCli 

107.78 

108.50 

108.14 

1.9705 N BaCl* 

150.88 

150.97 

150.93 

I N MgS 04 

28 63 

29.20 

28.91 

2 N MgS04 

25.72 

26.17 

25.94 


w Lewis and Randall: ‘Thermodynamics,” 6 th Impr., 373 (1923)* 
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Table II 


The Velocity Constants of Inversion of Sucrose in o.i Molar Hydrochloric 
Acid Solutions containing Sodium Chloride at 30® 


HCl 

m 

NaCI 

N 

NaCl 

m 

M 

(I) 

k.io^ 

(2) 

Mean 

0.1026 

0 

0 

0.1026 

163.40 

163 03 

163.215 

0.1028 

0 I 

0.1028 

0.2056 

168.06 

169.62 

168.840 

0.1048 

I 

I.0480 

1.1528 

237.60 

236.24 

236.920 

0.1069 

2 

2.1386 

2.245s 

349-35 

347-20 

348.275 

0 .I 0 Q 5 

3 

3.2852 

3-3947 

523-31 

523-69 

523-500 

0.1123 

4 

4.4924 

4.6047 

808.6i 

795-48 

802.045 

0.1156 

5 

5.7790 

5.8946 

1144.65 

1151.98 

1148.315 


Table III 


The Velocity Constants of Inversion of Sucrose in o.i Molar Hydrochloric 
Acid Solutions containing Barium Chloride at 30® 


HCl 

m 

BaCh 

N 

BaCIi 

m 


(I) 

k.io‘ 

(2) 

Mean 

0,1026 

0 

0 

0.1026 

163.40 

163.03 

163.215 

0.1033 

0,4926 

0.2544 

0.8665 

191.09 

189.09 

190.090 

0.1041 

0.9853 

0.5127 

I .6422 

225.60 

225.09 

225-345 

0.1049 

1-4779 

0.7752 

2 4305 

267.10 

265-57 

266.335 

0.1058 

1-9705 

I. 0413 

3 2330 

309.98 

309.04 

309.510 

0.1068 

2.4632 

1,3178 

4.0524 

367.12 

368.38 

367-750 

0.1081 

2-9558 

I -5974 

4•9003 

435-41 

437-62 

436.515 


Table IV 


The Velocity Constants of Inversion of Sucrose in 0.1 Molar Hydrochloric 
Acid Solutions containing Potassium Sulphate at 30® 


HCl 

K2SO4 

KjSO. 



k.io® 


m 

N 

m 


(I) 

(2) 

Mean 

0.1026 

0 

0 

0.1026 

163.40 

163.03 

163.215 

0.1028 

0.1 

0.0514 

0.2570 

no. 970 

109.860 

110.415 

0.1032 

0.3 

0.1548 

0.5676 

62.962 

62.271 

62.617 

0.1037 

0-5 

0.2592 

0.8814 

48.900 

47-521 

48.211 

0.1042 

0.7 

0.3646 

I.1980 

40.390 

38.896 

39-643 

0.1048 

0.9 

0.4717 

I 5199 

35-683 

36.175 

35-929 
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Table V 

The Velocity Constants of Inversion of Sucrose in o.i Molar Hydrochloric 
Acid Solutions containing Magnesium Sulphate at 30® 


HCl 

MgS 04 

MgS 04 


(I) 

k.io® 


m 

N 

m 


(2) 

Mean 

0.1026 

0 

0 

0.1026 

163.40 

163.03 

163-215 

0.1027 

O.I 

0.0514 

0.3083 

115570 

115-380 

” 5-475 

0.1028 

0.3 

0.1542 

0.7196 

79322 

79-329 

79-326 

0.1029 

0.5 

0.2571 

11313 

66.849 

67-574 

67.212 

0 1031 

1.0 

0.5155 

2.1651 

57-657 

56-023 

56.840 

01033 

1.5 

0.7746 

3.2017 

52.211 

51-957 

52.084 

0.1036 

2.0 

10358 

4.2468 

50.565 

51.007 

50.786 

0.1040 

2.5 

1.2999 

5 3036 

50.358 

50.612 

50.485 

0.1046 

3*2 

1.6736 

6.7990 

52.418 

51*709 

52.064 

0.1055 

4.0 

2.1088 

8.5407 

54 853 

55*097 

54-975 


Discussion of the Experimental Results 

The data recorded in Tables II to V are shown graphically in Fig. i. Here 
the velocity coeflScients of inversion at 30° are plotted against the total ionic 
strength of the solution. Since the molal concentration of the hydrochloric 
acid remains very nearly constant, the ionic strength is essentially a measure 
of the concentration of the added salt. 

It is to be noted that the chlorides increase the velocity of inversion at a 
rate which increases rapidly with the salt concentration. In solutions of equal 
ionic strength the uniunivalent chloride has a greater accelerating effect than 
biunivalent chloride. This same order holds if equivalent normal concentra¬ 
tions are employed. The reverse order holds, however, if molar or molal con¬ 
centrations are employed. These differences indicate that the cation of the 
salt is not entirely without effect upon the inversion velocity. 

Harned and Hawkins^^ have studied the acid hydrolysis of certain esters 
in solutions containing alkali chlorides and nitrates. They find that the 
velocity coefficient of hydrolysis increases with the salt concentration, passes 
through a maximum, and then decreases with further increase in the salt con¬ 
centration. We find in the present work no indication of such a maximum 
value either for sodium chloride or for barium chloride. On the contrary, the 
rate of hydrolysis increases at a rate which increases more and more rapidly 
with increasing ionic strength. Especially is this true for the sodium chloride 
solutions. 

The sulphates markedly decrease the inversion velocity. Potassium sul¬ 
phate has a greater retarding effect than the bibivalent magnesium sulphate, 
regardless of the basis of concentration taken. The values of the velocity 

“ Harned and Hawkins: J. Am. Chem. Soc., 50 , 85 (19^8). 
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It 

Fio. I 


coeflBcient for the magnesium sulphate solutions pass through a slight mini¬ 
mum at an ionic strength of about 4.5. Those for the potassium sulphate 
solutions decrease still more rapidly with increase in fi, to practical saturation. 
Here, as in the case of the chlorides, the cation evidently exerts some influence. 


The Neutral Salt Effects 

The data showing the influence of the neutral salts upon the rate of the 
inversion are collected in Tables VI to IX. Here M signifies the molar, N the 
equivalent concentration of the salt, k the inversion coefficient in the salt 
solution, and ko the coefficient in salt-free acid. The salt effect is given as the 
percentage increase or decrease in ko. 

The salt effects, measured as percentage change in ko, are plotted against 
the equivalent concentrations of the added salts. These are shown in Fig. 2. 
The two chlorides produce positive, the two sulphates produce negative salt 
effects on the inversion of sucrose. The effects are very pronounced, especially 
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Table VI 

The Effect of Sodium Chloride on the Velocity of Inversion of Sucrose by 

Hydrochloric Acid at 30® 


NaCl 

M 

NaCl 

N 

K 

1 

1 

li 

0 

0 

I 

0 

— 

0.1 

0.1 

I 0345 

3-45% 

0.1473 

1.0 

1.0 

1.4516 

45 16 

0.1619 

2.0 

2.0 

2.1338 

113-38 

0.1646 

30 

30 

3 • 2074 

220.74 

0.1687 

4.0 

4.0 

4.9140 

391.40 

0.1729 

5 0 

5 0 

7.0356 

603.56 

0.1695 




Table VII 



The Effect of Barium Chloride 

on the Velocity of Inversion 

of Sucrose 


Hydrochloric Acid at 

30° 


BaCU 

M 

BaCla 

N 

k 

K 

100(1-1) r 

K 

= -logl 
M 

0 

0 

1 

0 

— 

0.2463 

0.4926 

I.1647 

16.47% 

0.2689 

0.4927 

0.9853 

1.3807 

38-07 

0.2844 

0.7390 

1-4779 

1.6318 

63.18 

0.2878 

0.9853 

1-9705 

I.8963 

89.63 

0.2821 

1.2316 

2.4632 

2.2532 

125.32 

0.2865 

1-4779 

2.9558 

2.6745 

167-45 

0.2891 




Table VIII 



The Effect of Potassium Sulphate on the Velocity of Inversion of Sucrose 



Hydrochloric Acid at 30® 


K,S04 

M 

K,SO, 

N 

k 

K 

100(1 - l) 

k. 

r = ilogl 
M ^k. 

0 

0 

1 

0 

— 

0.05 

0.1 

0.6765 

-32.35% 

-3.3946 

0.15 

0.3 

0.3836 

— 61.64 

-2.7741 

0.25 

0-5 

0.2954 

-70.46 

— 2.1184 

0.35 

0.7 

0.2429 

-75.71 

-1.7559 

0.45 

0.9 

0.2201 

-77,99 

— 1.4608 
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Table IX 

T-hc tiffect of Magnesium Sulphate on the Velocity of Inversion of Sucrose by 

Hydrochloric Acid at 30° 


MKSO4 

M 

MgS 04 

N 

k 

K 

lOOf ^ - i) 

*^o 


0 

0 

I 

0 

— 

0.05 

0.1 

07075 

-29-25% 

-3 0054 

0-15 

0-3 

0 .4860 

-51.40 

— 2.0891 

0.25 

0.5 

0.4118 

-58.82 

-I.5412 

0.50 

1.0 

0.3483 

-65.17 

— 0.9161 

0-75 

1-5 

0.3191 

— 68.09 

— 0.6614 

1.00 

2.0 

0.3112 

-68.88 

1 

0 

0 

I *25 

2.5 

03093 

— 69.07 

-0.4077 

1.60 

3*2 

0.3190 

— 68.10 

—O.31OI 

2.00 

4.0 

0.3368 

— 66.32 

-0.2363 
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those of sodium chloride and of potassium sulphate. The inversion coefficient 
for the 2 normal sodium chloride solution, for example, is more than double 
that for the salt-free solution, and for the 5 normal solution the increase is 
over 600% of the constant for the salt-free acid. The negative effect of potas¬ 
sium sulphate is even more striking. The addition of this salt in an amount 
sufficient to make a 0.2 normal salt solution decreases ko by 50% of its value, 
and the inversion coefficient for the 0.7 normal solution is only one-fourth that 
for the solution containing no salt. 

Schmid and Olsen^^ have proposed the empirical relation, 

k = ko X 

as describing generally the influence of neutral salts on the velocity of hydro¬ 
lytic reactions. Here k is the velocity coefficient measured for the salt solu¬ 
tion, ko is the coefficient in the absence of the salt, r a constant specific for 
each salt, and M the molar concentration of the salt. A test of the applica¬ 
bility of this relation to sucrose inversion may be made by writing the equation 
in the logarithmic form, 

and then determining the actual constancy of r by substitution of the measured 
values of M, k, and ko. The values of r thus determined are given in column 
5 of Tables VI to IX. Judging by the constancy of r, we see that the Schmid- 
()lsen equation describes reasonably well the positive salt effects produced in 
the inversion of sucrose by the chlorides in concentrations above 0.5 molar. 
This conclusion agrees with the results obtained by Kautz and Robinson^^ 
in their study of the influence of the alkali and alkaline earth chlorides on the 
rate of hydrolysis of sucrose by hydrochloric acid. The equation of Schmid 
and Olsen is totally inapplicable, however, in describing the negative salt 
effects produced by the sulphates. When the salt effects are negative, the 
values of r, of course, are also negative, and are not constant for any range of 
salt concentration. 

Bronsted and his co-workers*® distinguish between two types of neutral 
salt effects. The one, the primary salt effect, is produced when the added salt 
changes the activity coefficients of any of the reactants of the system as given 
by equation (5); the other, the secondary salt effect, consists of a change in 
the actual concentrations of any or all of the reactants, due to the addition 
of the salt. 

Bronsted*^ characterizes the primary salt effect in hydrogen ion catalysis 
as being at all dilutions an exponential function of the salt concentration. 
This postulate may be deduced, in the case of sucrose inversion, by evaluat- 

Schmid and Olsen: Z. physik. Chem., 124 , 97 (1926). 

Kautz and Robinson: J. Am. Chem. Soc., 50 , 1022 (1928). 

'•Brdnsted: Z. physik. Chem., 102, 169 (1922); 115 , 337, (1925); Brdnsted and Peder¬ 
sen: 108 , 185 (1Q24); Bronsted and Teeter: J. Phys. Chem., 28 , 579 (1924); Brdnsted and 
King: J. Am. Chem. Soc., 47 , 2523 (1925). 

Brdnsted: Trans. Faraday Soc., 24 , 630 (1928). 
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f f 

ing the “kinetic activity factor,” of equation (5), from the expression,^® 

Ix 

— In f = +0 .szVm — Bai. (7) 

Here f is the activity coefficient and z the valence of the molecule, while /x is 
the ionic strength and B a characteristic constant of the solution. Substitu¬ 
tion in equation (s) of the value of f obtained from equation (7) gives, 

V = kc.Che'‘'®'-+®‘'"®*\ (8) 

where Bh, and Bx are constants of the solution due to the influence of the 
sucrose, the hydrogen ion, and the critical complex, respectively. Obviously, 
equation (8) requires that the primary salt effect in sucrose inversion, as 
measured by the velocity of the reaction, shall vary exponentially with the 
salt concentration. 

Furthermore, since for very small values of fi we may write, 

^ ^ ^ ^(3^ -h Bh - Bx), 

equation (8) becomes, for dilute solutions, 

V = kCsCh [i + mCBb + Bh Bx)]. (8') 

Equation (8') is the basis of Bronsted's hypothesis that for dilute solutions 
the primary salt effect in hydrogen ion catalysis is a linear function of the 
salt concentration. 

The salt effects observed in this investigation may be described in terms 
of Bronsted’s concepts, outlined above. Specifically, the chlorides produce 
positive primary salt effects in the catalytic inversion of sucrose by hydrogen 
ion. Up to chloride ion concentrations of about 0.4 N, these effects vary 
linearly with the salt concentration, as expected from equation (8'). To test 
the applicability of equation (8) throughout the entire concentration range, 
we plot the logarithm of the velocity coefficient against the ionic strength, 
as shown in Fig. 3. Using the method of least squares we obtain the equation 
of the most probable straight line for the several points. The test of the 
exponentiality of the salt effect is the agreement between the experimental 
points and the points on this line. For the sodium chloride solutions the 
equation obtained by least squares is, 

logio (k.io^) = 0.1488/1 + 2.2029. (9) 

This equation may be written in the exponential form, 

k = i 6 o.io-^e^*^ 426 M^ 

The equation obtained similarly for the barium chloride solutions is, 

logio (k.io®) = 0.0891/X + 2.2044. (10) 

The sign of the B-term must be negative in the equation given by Brhnsted in order 
to obtain equation (8) 
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Fig. 3 


Or, in the exponential form, 

k = i6o.io-».e" 

The agreement is reasonably close but not exact in the case of the sodium 
chloride solutions, and is quite good for the barium chloride solutions. We 
conclude, therefore, that for fixed proportions of acid and of sucrose, the 
primary salt effect in sucrose inversion is an exponential function of the ionic 
strength of the solution. 

The negative salt effects produced by the sulphates are predominantly 
secondary. The sulphate ion probably combines with the hydrogen ion to 
form the incompletely dissociated hydrosulphate ion, thus decreasing the 
actual concentration of the hydrogen ion in the solution. This explanation 
is in harmony with that proposed by Hamed and Hawkins** for similar de¬ 
creases in the hydrolytic activity of the hydrogen ion in ester hydrolysis in 
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sulphate solutions. It also agrees with Randall and Failey^s^® explanation of 
the anomalous decreases caused by sulphates in the activity coefficients of 
acids of intermediate strength. No doubt the sulphates, as the chlorides, 
produce positive primary salt effects in the inversion of sucrose, but these are 
overshadowed by the much greater negative secondary effects. 

At equal ionic strengths, we see that the positive and the negative effects 
of barium chloride and of magnesium sulphate, respectively, are slightly less 
than the effects of the respective sodium and potassium salts. This suggests 
that the specific effects of the cations are not to be readily interpreted on the 
basis of interionic attraction alone. The extent of hydration of the cation 
evidently plays an important part. If the relative hydration had no influence, 
then since the sodium salt produces a greater positive primary salt effect 
than the barium salt, we should similarly expect the potassium salt to pro¬ 
duce a greater positive primary effect than the magnesium salt at equal 
ionic strengths. Thus the total negative effect observed for potassium sul¬ 
phate should be less than that for magnesium sulphate. On the contrary 
potassium sulphate produces a greater negative effect than magnesium sul¬ 
phate. Apparently, the sodium ion is more highly hydrated per equivalent 
of electric charge than is the barium ion in solutions of equal ionic strength. 
The magnesium ion, on the other hand, is much more highly hydrated than 
the potassium ion. It appears, therefore, that the more highly hydrated the 
ions of the salt, the larger are the positive primary salt effects in hydrogen 
ion catalysis. 


The Temperature Coefficients of the Inversion and the 
Heats of Activation of the Sucrose 

The temperature coefficients of the velocity, k8o/k26, are shown in the 
fourth column of Table X. Employing the Arrhenius formula in the form. 


2.3026 log ^ = 


Q /T*-TA 
rV T2T, )’ 


we have calculated the heats of activation of the sucrose. Here R is the gas 
constant, taken in cals, per degree, T is the absolute temperature, and Q is 
the heat of activation. The values of Q are found in the last column of 
Table X. 

From Table X it is seen that the temperature coefficient of the velocity 
and the calculated heat of activation of the sucrose are unaffected by chlorides 
but are decreased by sulphates. This is in conformity with the results of Rice 
and Lemkin.** They find that the temperature coefficient of the acid catalysis 
of the acetone-iodine reaction is unchanged by the alkali and alkaline earth 
salts of the strong monobasic acids, but is decreased by sulphates. 


‘‘Randall and Failey: J. Am. Chem. Soc., 4 S>, 2678 (1927). 
“Rice and Lemkin: J. Am. Chem. Soc., 45 , 1896 (1923). 
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Table X 


The Temperature CoeflScients and Heats of Activation of Sucrose in Hydro¬ 
chloric Acid Solutions with and without Neutral Salts 


Solvent 

K 25 .I 0 ‘ 

kio-io^ 

kgo 

k 26 

Q 

Salt free acid 

79-35 

163.22 

2.0570 

25,917 cals./mol. 

I N NaCl 

115-52 

236.92 

2.0509 

25,811 

2 N NaCl 

175-67 

348.28 

1-9939 

24,798 

0.9853 N BaClj 

00 

0 

225-35 

2.0839 

26,385 

1.9705 N BaCla 

150-93 

309-51 

2.0507 

25,807 

I N MgSO. 

28.91 

56.84 

I .9662 

24,294 

2 N MgS04 

25-94 

50-79 

1-9576 

24,137 


Mean value of k8o/k26 for solutions containing chlorides » 2.0449. 

Mean value of kan/k26 for solutions containing magnesium sulphate — 1.9619. 

Mean value of Q for solutions cont^iining chlorides » 25,702 cals./mol. 

Mean value of Q for solutions containing magnesium sulphate « 24,215 cals./mol. 

The classical value obtained by Arrhenius for the temperature coefficient 
of the inversion of sucrose between 25® and 35®, 

k86/k28 = 4 -i3> 

is slightly greater than double the values of the ratio, k3o/k25, here obtained. 
This is consistent with the increase of the temperature coeflScient of sucrose 
inversion with temperature. The values of the heat of activation found for 
the salt-free solutions and for the solutions containing the chlorides closely 
approximate the classical value of 26,000 cals, per mol. obtained by Arrhenius 
for the heat of inversion. 


Summary 

1. The velocity coefficients of the inversion of sucrose by o.i molar 
hydrochloric acid have been detennined for solutions of sodium chloride, 
barium chloride, potassium sulphate, and magnesium sulphate, respectively, 
in varying concentrations at 30®. 

2. The chlorides increase the velocity of the inversion at a rate which 
increases with the concentration of the salt. They produce positive primary 
salt effects which in the dilute range are linear, and in the entire range ex¬ 
ponential, functions of the salt concentration. 

3. The sulphates markedly decrease the inversion velocity, producing 
negative secondary salt effects. 

4. Apparently, the more highly hydrated the ions of the added salt, the 
larger are the positive primary salt effects in the hydrogen ion catalysis of 
sucrose inversion. 
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5. The equation of Schmid and Olsen, k = ko X does not describe 
the negative salt effects produced by the sulphates in sucrose inversion. For 
concentrations of the salt above 0.5 molar, this relation describes reasonably 
accurately the positive effects of the chlorides. • 

6. The temperature coefficients of the inversion, kao/kjs, have been deter¬ 
mined for hydrochloric acid solutions containing sodium chloride, barium 
chloride, and magnesium sulphate, respectively. The temperature coeffi¬ 
cient for the solutions containing the chlorides is the same as that for the 
salt-free acid. That for the magnesium sulphate solution is lower. 

7. From the temperature coefficients the heats of activation of the 
sucrose have been calculated. 



THE EFFECT OF MERCURIC IODIDE AND AMMONIUM 
CHLORIDE ON GLASS* 

BY CLABA E. MILLEB 

Introduction 

In 1928 J. Rinse' measured the vapor pressure of mercuric iodide over a 
long temperature range (i3o°-347®C.) by a static method, using a glass- 
spring indicator. He obtained a continuous vapor pressure-temperature 
curve instead of one showing a sharp break between the saturation curve and 
the Boyle-Gay-Lussac curve for gases; in other words, at temperatures in the 
vicinity of the saturation point, the vapor pressure of the iodide was con¬ 
siderably lower than was expected. This was the same phenomenon noticed 
by McHaffie and Lenher* in the case of water vapor and of toluene vapor, 
and they explained it by the adsorption of the vapors on glass which took 
place to an increased extent in the neighborhood of the dew-point. 

In all of these cases it would be necessary to assume that the adsorbed 
layer was several hundred molecules thick in order to account for the observed 
lowering of the vapor pressure but this assumption does not seem correct 
since it is improbable that the unsaturated forces at the surface of the glass 
extend to such a distance. However, several years ago Frazer, Patrick and 
Smith’ demonstrated the difference between a freshly fused glass surface and 
one chemically corroded. They showed that there was no more than a uni- 
molecular layer of toluene adsorbed on a glass surface which was molecularly 
plane, whereas the adsorption was great and the vapor pressure followed a 
curve similar to those obtained by McHaffie and Lenher when the glass had 
been treated with chromic acid cleaning solution. The chromic acid-sulfuric 
acid mixture so etched and corroded the glass by removing alkali from it that 
capillary condensation took place. Water vapor itself also has this effect. 

Altho Rinse’ found that etching by water vapor could not account for the 
shape of the curves he obtained, the possibility remains that in his experiments 
the mercuric iodide itself attacked the glass. With this point in mind, he 
made an effort to determine whether there was any chemical action between 
glass and mercuric iodide by placing a known weight of the latter in a glass 
tube, heating it to 6oo®C., recovering the iodide by subliming it into the tip 
of the tube, and reweighing it. He found that the same weight of the iodide 
could be recovered as was originally placed in the tube and concluded that no 

* Contribution from the Chemistry Laboratory of the Johns Hopkins University. 

* Prom a dissertation submitted to the Board of University Studies of the Johns Hopkins 
University in partial fulfillment of the requirements for the Doctor of Philosophy degree. 

* Smits and Rinse: Rec. Trav. chim., 47 , 35 (1928). 

* McHaffie and Lenher: J. Chem. Soc., 127 ,1559 (1925); 1926 ,1785; 1927 , 272. 

' Frazer, Patrick and Smith: J. Phys. CShem., 31 , 897 (i927)' 

* Rinse; J. Chem. Soc., 1928,1442. 
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chemical action had taken place. Nevertheless, sufficient reaction might have 
occurred to roughen the surface of the glass without causing any change in 
mass as far as could be determined by weighing to tenths of a milligram. The 
method used by Frazer, Patrick and Smith^ and later by Latham^ to demon¬ 
strate the action of cleaning solution on glass was therefore used again to 
show the effect of mercuric iodide and also of ammonium chloride on a glass 
surface. 

Experimental 

The experimental procedure was essentially the same as that first used by 
McHaffie and Lenher^ and it is described by them as well as by Frazer, 
Patrick and Smith^ and Latham.® A definite volume of dry air-free toluene 
was enclosed in a pyrex bulb which had been fused and blown thru phosphorus 
pentoxide to prevent access of moisture and which therefore had a molecularly 
plane surface. The bulb was closed off from the rest of an evacuated system 
by means of a mercury U-tube which also served as a manometer to measure 
the vapor pressure of the toluene. Both the bulb and the U-tube were in a 
thermostat capable of being maintained at any temperature between 5o®C. 
and 2 5°C., and the pressure of the toluene was observed at different tem¬ 
peratures within this range. 

The toluene vapor was then pumped out of the bulb, air dried with phos¬ 
phorus pentoxide was admitted, and the bulb was removed from the apparatus. 
A small amount of mercuric iodide® having been introduced into it, the bulb 
was then sealed into an evacuating system, evacuated, sealed off and heated 
at 45o°C. in an electric furnace for twelve hours. After this, the bulb was 
opened to the atmosphere and quickly put into place again to be evacuated. 
This time it was surrounded by an oil-bath heated to 150^0. and the mercuric 
iodide was thus removed from it by distillation. After the iodide had ap¬ 
parently all distilled away, the pumps were allowed to run for a period of 
about ten hours so as to remove completely all traces of the iodide vapor 
before dried air was again admitted to the apparatus. The bulb was then 
replaced in its original position in the thermostat, evacuated, toluene vapor 
introduced and another series of vapor pressure measurements carried out. 
All glass blowing was done thru phosphorus pentoxide and every precaution 
was taken for keeping water vapor away from the surface of the bulb. 

The same procedure was carried out using another bulb and ammonium 
chloride^ instead of mercuric iodide. 

^ loc. cit. 

* Latham: J. Am. Chem. Soc., 50 , 2987 (1928). 

* McHafiie and Lenher: loc. cit. 

* Frazer, Patrick and Smith: loc. cit. 

® Latham: loc. cit. 

«The mercuric iodide used here was prepared by precipitation, purified by sublimation, 
and dried in a desiccator over phosphorus pentoxide. 

7 The ammonium chloride was prepared by subliming Baker's C. P. ammonium chloride 
three times. To dry it, the pure salt was placed in one end of a tube, the other end of which 
contained phosphorus pentoxide j the chloride w'as warmed several times daily for nine days. 
These special precautions were taken to dry the compound thoroughly in order to prevent 
its decomposition into ammonia and hydrogen chloride at a relatively low temperature. 
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Fig. 2 
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The first series of measurements of the vapor pressure of toluene, obtained 
with a fused glass bulb, is given in Table I and the pressure is plotted against 
the temperature in Curve A of Fig. i. The sharp break between the liquid 
and gas curves shows that no adsorption had taken place; in other words, 
in this case the surface of the bulb was molecularly plane. On the other hand, 
Table II and Curve B (Fig. i) show that, after the glass had been heated in 
contact with mercuric iodide vapor, its surface had been attacked and rough¬ 
ened to such an extent as to cause considerable adsorption; the curve is 
markedly rounded off in the neighborhood of the dew-point. 

Ammonium chloride was also found to have a decided effect on glass. 
Tables III and IV give the results obtained for the vapor pressure of toluene 
in a pyrex bulb before and after it was heated with ammonium chloride. 
The graphs of these results are shown in curves A and B of Fig. 2. In the 


Table I 


Temp. 

Pressure 

Temp. 

Pressure 

Temp. 

Pressure 

°C 

mm. 

°C 

mm. 

X 

mm. 

40.04 

3782 

32.22 

36.82 

30.93 

36-73 

36.00 

37.41 

31.50 

36-83 

30-56 

36-41 

33-58 

37.04 

31.10 

36-83 

29-74 

35-84 



Takle II 



Temp. 

Pressure 

Temp. 

Pressure 

Temp. 

Pressure 


mm. 


mm. 

"C 

mm. 

40.16 

33-08 

27.37 

31.70 

26.14 

30.29 

36.37 

32-70 

27.35 

31.72 

25-85 

29.78 

33-86 

32-36 

27.08 

31-56 

25 08 

28.67 

29.87 

32.08 

26.89 

40 

25.33 

28.95 

28.97 

31-97 

26.63 

30.89 

24.86 

28.28 

0 

00 

31.84 

26.38 

30-59 





Table 

III 



Temp. 

Pressure 

Temp. 

Pressure 

Temp. 

Pressure 


mm. 


mm. 

°C 

mm. 

20.98 

22.0 

25.20 

27.49 

27.70 

29.50 

22.10 

23.43 

26.20 

29.14 

29.57 

29.71 

23 14 

24.63 

26.95 

29.35 

31.60 

29.93 

24.20 

26.12 

26.43 

29.33 

34.48 

30.24 



Table IV 



Temp. 

Pressiire 

Temp. 

Pressure 

Temp. 

Pressure 


mm. 


tnm. 


mm. 

24.14 

27.41 

27-83 

32.84 

29.02 

33.25 

25.60 

29.56 

28.03 

33-0 

29.7 

33.26 

27-59 

32.69 

28.25 

33-05 

31.00 

33.34 

27.36 

32.41 

28.80 

33-17 

32.0 

33.50 

27.03 

31.86 
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case of ammonium chloride etching of the glass could be readily detected by 
the eye. In fact, in one bulb treated, where the temperature of the furnace 
was allowed to rise to 5oo®C. for a period of several hours, the effect was 
so great that it could be photographed. 

In addition to the increased adsorptive power of glass produced by heating 
mercuric iodide in it, a further effect of this compound on glass must be noted. 
In the experiment with mercuric iodide, it was observed that a black residue 
remained in the bulb and black streaks were seen on the sides. This was not 
accidental. Several other pyrex tubes heated with mercuric iodide showed 
the same effect and some ground pyrex glass turned quite black when heated 
in contact with pure mercuric iodide. Some ground soft glass heated in the 
same way showed no change in color. The mercuric iodide was removed from 
the latter and the glass was boiled with water. The solution obtained in this 
way gave a positive test for iodide ion showing that the mercuric iodide had 
reacted with the soft glass. However, no test for iodide ion was given by a 
solution similarly obtained from ground pyrex glass, nor could the identity of 
the black substance be determined, altho its formation gave visible evidence 
that a reaction took place between the mercuric iodide and the pyrex. 

Discussion 

It has long been known that glass is by no means an inert substance but 
that it is attacked by many reagents, especially such highly polar ones as 
water and hydrogen chloride, A consideration of the chemical constitution of 
glass helps to explain this action. 

Such studies on glass as have been made^ show not only that it contains 
silicates as definite compounds but that it may be considered as a sponge of 
silica threads soaked in silicates and the products of their ionic dissociation. 
The silica apparently acts as a sort of solvent medium and it probably enters 
into combination with the silicates, producing solvation of the ions and salt 
molecules. Altho this reduces the ion mobilities to a great extent, Warburg^ 
and Le Blanc and Kirschbaum® have been able to measure the ionization of 
glass, and the latter found that soft glass is ionized to the extent of eighty 
percent at 2So®C. The conduction is due to the transference of the sodium 
ion alone, the other constituents of glass being part of a rigid system. This 
conclusion was verified by Kraus and DarbyIt is the presence of sodium 
ions dispersed thru the viscous mass of silica, silicates, and borosilifeates, that 
enables one to account in some measure for the corrosive action mentioned. 

The hydrolysis of glass is perhaps the most marked of these reactions 
especially at elevated temperatures. New vessels made of even the most 
resistant glasses, Jena and Pyrex, lose several milligrams in weight when 

1 W. E. S. Turner: ^The ConsUtution of Glass'' (1927). 

2 E. Warburg: Ann. Physik, 21, 622 (1884). 

^ Le Blanc and Kirschbaum: Z. physik. Chexn., 72 , 468 (1910). 

* Kraus and Darby: J. Am. Chem. Soo., 44 , 278 (1922). 
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water is boiled in them for several hours^ and those made of less resistant 
glasses are visibly etched and corroded. Sodium hydroxide is always found 
in the solution so made and it is quite likely that the reaction between the 
water and the glass is an ionic one since the temperature coefficient of water 
is very high and the proportion of sodium ions present in the glass also in¬ 
creases with the temperature. The electronegative hydroxyl ion from the water 
evidently reacts with the electropositive sodium ion in the glass. This con¬ 
clusion is strengthened by the fact that the action of water is greatly dimin¬ 
ished when the surface of the glass has been attacked sufficiently for it to 
become coated with a layer of silica.*^ 

Hydrochloric acid also has a very special action on glass which has been 
studied by Foerster^ who found that the attack of concentrated solutions es¬ 
pecially at high temperatures was very great. It may also be recalled in this 
connection that in one of the methods devised by Jannasch^ to decompose 
refractory silicates, the silicate is heated with hydrogen chloride under pressure 
between 2oo°C. and 2So%\ Hydrogen chloride also contains a highly electro¬ 
negative ion which tends to combine with sodium, and sodium chloride as 
well as silica were found in the residues obtained upon evaporation of a solu¬ 
tion of 24.24% hydrochloric acid which had been boiled for several hours in a 
glass flask.® 

Probably no glass has ever been made which is completely resistant to 
such chemical action. Pyrex glass has the most favorable composition for 
resistance to water and acid but even it is appreciably attacked by water and 
hydrochloric acid.® Jena glass shows a behavior similar to that of pyrex. 

Mercuric iodide may easily be placed in the category of highly polar 
compounds for, altho at ordinary temperatures it is but slightly ionized, it 
contains an electronegative halogen element. Rinse"^ found that dissociation 
of the iodide took place at 45o°C. and it seems a reasonable assumption that 
at this elevated temperature when the forces between the mercury and iodine 
were weakened, the iodine would enter into combination with the sodium ion 
in the glass. This assumption is justified by the experiment described in this 
paper in which a soluble iodide was found to have been formed when mer¬ 
curic iodide was heated with soft glass. Even pyrex was attacked sufficiently 
for a marked change in its adsorptive power to be observed. 

Furthermore, later results obtained by Rinse^ showed that he could obtain 
vapor pressure-temperature curves for mercuric iodide in which there were 
sharp breaks at the dew-point provided he did not first heat his apparatus to 
a high temperature. After he had once heated it above 5oo®C., he obtained 

1 Cauwood, English and Turner: J. Soc. Glass Technology, 1, 153 (1917); Cauwood and 
Turner: 2, 219 (1918). 

* Mylius and Groschuff: Z. physik. Chem., 55 , loi (1907). 

^ Foerster: Z. anal. Chem., 33 , 299 (1894). 

* Jannasch: Ber., 24 , 273 (1891). 

® Dimbleby, Cauwood and Turner: J. Soc. Glass Technology, 10, 304 (1926). 

^ International Critical Tables, 2. 

^ Smits and Rinse: Rec. Trav. chim., 47 , 35 (1929). 

Rinse: J. Chem. Soc., 1928 , 1442. 
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continuous curves in every determination. It is very likely that the high 
temperature brought about some decomposition of the iodide and conse¬ 
quently a reaction between it and the glass took place. 

The special action of mercuric iodide on pyrex producing the black com¬ 
pound is difficult to explain since the information obtained about it is very 
meager. Perhaps the fact that pyrex glass contains arsenic may be responsi¬ 
ble for this action since Jena glass contains no arsenic and Rinse made no 
mention of having noticed similar behavior in experiments with the latter 
kind of glass. 

That ammonium chloride should attack glass is also to be expected. 
Clarke and Steiger' demonstrated that dry ammonium chloride could be 
used to decompose the most refractory silicates, iron silicates resisting the 
action of strong hydrochloric acid being readily decomposed by the am¬ 
monium salt. In other cases, those of the zeolites, sodium was found to be 
quantitatively replaced by the ammonium radical. Ammonium chloride 
has also been proven a valuable reagent for testing the durability of glass. 
Its action may depend on its tendency to decompose into hydrogen chloride 
and ammonia; at the high temperature used in the experiment described 
here, even the dry salt tends to decompose to some extent. 

Other continuous vapor pressure curves may be explained by similar 
action upon the glass surface. Measurements made by Rinse^ indicated that 
iodine gave continuous curves while the curves for mercury showed sharp 
breaks at the dew-point. Here again it appears that the presence of an 
electronegative substance is necessary for attack upon glass. 

It seems, then, rather improbable that any polar substance could be 
heated in glass without reacting to some extent with it. The surface of the 
glass after such action, no matter what pains ha(} been taken beforehand to 
make it molecularly plane, would be so roughened that its extent could not 
be determined and calculation of the thickness of an adsorbed layer would 
be impossible. It may be said, therefore, that glass is not a suitable sub¬ 
stance upon which quantitative studies of the extent of adsorption at high 
temperatures can be made unless the compound adsorbed can be proved 
to have no chemical action upon the glass. 

In conclusion, the author wishes to acknowledge her gratitude to Dr. 
J. C. W. Frazer, who suggested this work and under whose guidance it was 
carried out. 


Stunmary 

I. Measurements of the vapor pressure of toluene in a fused pyrex bulb 
and in the same bulb after heating it with mercuric iodide show extensive 
adsorption in the latter case. This effect is attributed to the fact that mer¬ 
curic iodide attacked the surface of the glass, leaving it coated with a layer 

1 Clarke and Steiger: Am. J. Sci., (4) 8, 245 (1899); (4) 9 , 117 (1900); (4) 13 , 33 (1902). 

< Rinse: J. Chem. Soc., 1928 ,1442. 
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of silica. The extent of the surface was then indeterminably great and no 
calculations of the thickness of the adsorbed layer could be made with ac¬ 
curacy. 

2. Mercuric iodide reacts with soft glass at a high temperature to produce 
a soluble iodide and with pyrex to form a black compound whose identity has 
not been determined. 

3. Adsorption measurements also show that ammonium chloride has a 
great effect in roughening the surface of glass. 

4. The corrosive action of mercuric iodide and of ammonium chloride has 
been compared with that of other chemical reagents, especially hydrogen 
chloride. This action has been attributed to the existence of free sodium ions 
in the glass and has been shown to render glass an unsuitable substance for 
use in adsorption vessels where the adsorption of polar compounds at high 
temperatures is to be studied. 

Baltimore^ Md, 



HYDROCARBONS AS DISPERSION MEDIA: A REVIEW 


BY BASIL C. SOYENKOFF 

Methods of Preparation 

In a previous communication,^ evidence was brought to show that pep¬ 
tization and colloid stability can occur in the absence of ions. It still remained 
to find whether such behavior was exceptional or usual in the case of non-polar 
liquids as dispersion media. 

Chemical literature contains numerous references to colloid systems in 
benzene and other hydrocarbons. For the purposes of a preliminary dis¬ 
cussion, we shall classify these organosols according to the methods employed 
in preparing them, since the latter at least indicate the chemical composition 
of the dispersed phase,—a point on which other data often are lacking. 

Among the dispersion methods, electrical dispersion was resorted to by 
Svedberg^ to obtain sodium and potassium sols in ligroin, pentane and liquid 
methane. In spite of the painstaking precautions taken to insure the purity 
of the solvent and prevent its decomposition by the oscillatory discharge, the 
resulting sols were unstable. 

Hall“ prepared dispersions of aluminium (and apparently also of silver, 
copper, lead and iron) by means of a looo v. a.c. arc in “high grade transformer 
oil.^^ In some cases, the dispersed phase settled out rapidly (f. inst. copper in 
24 hours). 

Haurowitz® prepared the benzinosols of nickel, iron, aluminium, lead, tin, 
zinc, copper, manganese and brass. High frequency discharge was produced 
among small particles of metallic foil suspended in benzine, optimum results 
being obtained with 0.5-1.5 amp. at 180 v. Since no special effort was made 
to prevent the decomposition of the dispersion medium, Haurowitz^s sols 
probably contained some colloid carbon. The sols remained stable for months 
provided rubber had been previously added. Colophony, cholesterol and 
lecithin had no protective action. 

Berl, Barth and Winnacker,^ using high-frequency alternating potentials 
of about 25000 V., obtained hexane dispersions of magnesium, zinc, lead, tin, 
copper and iron, which remained stable only in the presence of dissolved 
rubber. The most concentrated lead sol contained 1.32% Pb and 0.75% 
rubber, the amount of Pb in stable dispersion being in general proportional 
to that of the added rubber. Its protective action was therefore considered 
as possibly due to the formation of addition compounds. 

Among the colloid systems prepared by mechanical dispersion we have 
emulsions in which an aqueous solution of soap, gelatin etc., constitutes the 
dispersed phase surrounded by a hydrocarbon (benzene, paraffin oil) as the 
continuous phase. 


^ Contribution from the Department of Chemistry, N. Y. U. College of Dentistry. 
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Thermal dispersion has been used in several instances. Thus von Wei- 
marn^ stratified glycerine under xylene and heated the lower layer; glycerine 
vapor condensed to an emulsion in xylene. Pochettino®^ heated selenium 
above its melting point in contact with an “inert” solvent (paraffin, naph¬ 
thalene etc.) which was solid at room temperature. The mixture assumed a 
red coloration due to the diffusion of selenium vapor through the hydrocarbon. 
Solid colloidal systems were obtained on cooling, which yielded coarse and 
rather unstable sols on treatment with benzene, carbon bisulfide etc. Add¬ 
ing selenium to boiling aniline produced colloid dispersions which settled 
out in 24 hours (in a few minutes when placed in direct sunlight). Very 
dilute dispersions in glycerine resulted in a similar manner. 

The method described by Semenoff, Schnalnikoff and collaborators de¬ 
serves a special mention here. The two components (the metal and the 
frozen dispersion medium) are simultaneously vaporized in the vacuum of a 
diffusion pump, and the mixed vapor allowed to condense on the outer surface 
of a glass tube filled with liquid air. Solid mixtures result in which the dis¬ 
persed phase is present in a state of very fine subdivision (not more than 27 
atoms in a particle according to X-ray evidence). Using a similar method, 
V. Bogdandy, Boehm and Polanyi® obtained an Ag-naphthalene mixture con¬ 
taining 1.2% of the metal and yielding, when treated with xylene, a red sus¬ 
pension which existed only for a short time. Roginsky and SchalnikofF 
prepared the organosols of sodium, potassium, rubidium, caesium, cadmium 
and mercury. Benzene, hexane, toluene, and xylene (in a few cases also 
ethyl ether and ethyl alcohol) served as the dispersion media; they were care¬ 
fully purified by vacuum distillation. The stability of the sols varied from a 
few minutes to two hours at room temperature. 

A further study of these sols was made by Tomaschewsky.® The solid 
mixtures containing sodium were ruby red immediately on melting; the 
transmitted light was not polarized. Before the room temperature was 
reached, however, a condensation of the particles occurred; the sols became 
polydisperse and violet colored in reflected light, the violet component being 
polarized Colloid Na in ether remained stable for at least a month, in xylene 
for 12-20 hours, in benzene and hexane was difficult to prepare. The organ¬ 
osols of the other alkali metals were dark blue in color; K in ether was stable 
after two month’s time, K in xylene lasted for about ten days, and Rb and Cs 
in ether for less than half an hour. 

Many molecularly complex substances yield colloid dispersions in hydro¬ 
carbons merely on the addition of the solvent and, sometimes, heating. 
Rubber, gums, synthetic products like polystyrenes, phospholipins® etc., 
belong in this class. Lyophilic organosols have been comprehensively dis¬ 
cussed by Whitby^® and by Staudinger.^^ 

Some of the substances soluble in benzene can act as peptizing agents. 
Thus Evers^2 obtained a black benzenosol of platinum by hydrogenating 
rubber under pressure in the presence of Pt powder. 
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Loewe® Dotes that methylene blue, insoluble in chloroform, can be dis¬ 
persed in a chloroform sol of kephalin, and the amounts of the dissolved dye 
are in agreement with those calculated from the adsorption isotherm. 

Amberger^® triturated a concentrated solution of silver nitrate in water 
with lanolin and allowed the mixture to stand for a few hours; aqueous NaOH 
was then added in small portions. The resulting brown paste was soluble in 
chloroform, ethyl ether, petrolic ether, etc. The addition of ethyl alcohol 
produced a precipitate, containing as much as 74% Ag, which redispersed 
in the organic liquids mentioned above. Gold sols were similarly obtained 
by reducing gold chloride with hydrazine hydrate; they were purple in 
chloroform, blue in ethyl ether, petrolic ether, paraffin etc. The peptizing 
action of lanolin was traced to its non-saponifiable fraction. 

Other instances of lipins acting as protective colloids are given by Dean:'^ 
“a chloroform solution of lecithin is able to take up or dissolve such substances 
as cobra venom, trypsin, rennet, and even oxide of iron.” 

Fatty acids (propionic to stearic) facilitate the dispersion of soaps in 
hydrocarbons;*^ in the case of nickel stearate peptized by stearic acid, it 
has been shown that the resulting dispersions are colloid.* More complex 
colloid systems can result in this way, as for instance the gold and silver 
organosols, prepared by von Weimam*® as follows. A mixture of aqueous 
gold chloride and sodium oleate is treated with ammonium nitrate, where¬ 
upon a dark colored precipitate rises to the surface. This coagulum yields 
ruby or purplish-red sols on shaking with organic solvents. 

According to Haller, ^^adsorption compounds” of fatty acids and certain 
dyes form colloid dispersions in xylene.*® 

The condensation methods of colloid synthesis seem to have found more 
extensive application than the dispersion methods outlined above. The 
reaction AB + CD = AC + BD (BD being insoluble, and the other three 
compounds soluble), frequently resorted to in the preparation of hydrosols, 
has also proved useful with hydrocarbons as the dispersion media. 

A sodium chloride sol, for instance, was prepared by Paal*^ by refluxing 
sodium malonic ester with chloracetic ester in benzene or toluene. The 
addition of petrolic ether precipitates the dispersed phase which contains 
60-70% NaCl. The precipitate, if immediately transferred into pure benzene, 
will redisperse. A trace of moisture will cause the sol to coagulate. Paal 
concluded that the colloid was an ‘^adsorption compound” of sodium chloride 
and an undetermined organic complex. 

Na-ethyl-malonic ester, co-chloracetophenone, chloroacetone, Na acetone 
dicarboxylic ester and acetyl chloride were used in subsequent preparations. 
Sodium bromide sol obtained with the corresponding bromine compounds 
was less stable, did not redispersc on precipitation and passed readily into 
jelly. 

Von Weimam** prepared colloid halides, sulfates and nitrates of the 
alkali and alkaline earth metals in mixtures of butyl and propyl alcohols 
with benzene, xylene etc., from the corresponding thiocyanates. Colloid 
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chloride of copper was obtained'® by mixing dilute benzene solutions of cupric 
oleate and hydrogen chloride, an excess of the oleate being necessary for the 
stability of the sol. 

The benzenosols of nickel, cobalt, iron and chromium chlorides resulted 
similarly from the oleates of these metals.^® In the case of nickel and iron, 
the sols were formed over the concentration range of o.ooooi-o.ooi normal. 
By varying the moisture content of benzene and the relative proportions of 
the reagents, suspensoid and emulsoid systems were produced of varying 
color and composition. Thus pink, blue, yellow and green varieties of the 
cobalt chloride sol were prepared. 

The color changes exhibited by the above-mentioned benzenosols were 
further discussed by von Weimarn and coworkers,^^ as well as the protective 
action of rubber on suspensoids in benzene.^- A copper chloride sol, which 
coagulated after 5 minutes in pure benzene, was kept for 40 days in o.i per 
cent rubber solution without any signs of settling out. The greater trans¬ 
parence and deeper color of the stabilized sols was also noted. 

Kharichkov^^ used both the oleates and naphthenates of sodium, potas¬ 
sium, iron etc., in the preparation of dispersions of the corresponding chlorides 
in hydrocarbons. A copper sulfate sol was obtained on treatment of a benzene 
solution of copper naphthenate with sulphur trioxide. 

A dispersion of arsenious sulfide, stable for at least six months, results 
when hydrogen sulfide is passed through a solution of arsenic triiodide in 
transformer oil.®® Dispersions of other insoluble compounds (mercuric 
sulfide, barium sulfate, prussian blue) in the same medium were obtained in 
‘^an analogous manner.^’ 

Wo. Ostwald^^ obtained colloid nickel by boiling nickel carbonyl in ben¬ 
zene; the dispersed phase settled out on standing. 

Hatschek and Thorne^® used pale erfipe and colophony to stabilize Ost- 
wald^s nickel sols in benzene and toluene. Greenish sols only were obtained 
in the latter which sharply turned black on addition of benzene. The green 
suspension was found to contain basic nickel carbonate."® Since nickel car¬ 
bonyl does not ionize, and its dissociation in the vapor phase begins at 200®, 
the possibility of a reaction between the carbonyl and benzene catalyzed by 
nickel was suggested. 

On passing sulfur dioxide and hydrogen sulfide through benzene until the 
formation of precipitate, a dark yellow sol results^ which can be concentrated 
by evaporation and dialyzed against benzene. The sols remain stable for at 
least four months; pyridine, resorcinol, hydrogen chloride, benzoic and formic 
acids etc., have no effect, while potassium hydroxide produces a white emul¬ 
sion. The colloid particles pass through most of the dialyzing membranes, 
beef bladder and cellulose acetate being the only suitable ones. Most of the 
colloid remains in dispersed form after freezing. 

The decomposition of an organic solvent by electric discharge yields col¬ 
loid carbon besides other products. Tarezynski^ arced benzene, carbon 
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tetrachloride, chloroform etc. (at 8-10 amp. d.c.) between carbon or platinum 
electrodes. The resulting sols were brown in transmitted, olive green in re¬ 
flected light; they were stable for at least two years. 

Lastly, we have various procedures which involve a replacement of 
solvent; the starting point being either a true solution or colloid dispersion in 
a liquid miscible with some hydrocarbon. 

For instance, on pouring an alcoholic (or acetone) solution of glucose into 
benzene a colloid suspension of the sugar resulted which varied in color from 
greenish blue to violet with opalescence in complementary colors.^® Colloid 
glucose could be preserved for a month, sucrose for a week, while lactose 
gelated in about ten minutes. Sols of sodium chloride and copper chloride in 
aromatic hydrocarbons were similarly prepared.®® 

On shaking the crystalline hydrate of gold chloride with xylene, von 
Weimarn and Yanek®^ observed that some of it passed into solution; the 
liquid became pink colored when boiled, due to the formation of metallic 
gold. A number of other hydrated salts (magnesium, calcium, strontium, 
barium, zinc, cobalt and copper chlorides) dispersed in boiling xylene.®^ When 
a xylene sol of rubber was used as the dispersion medium, which was diluted 
quickly with more xylene after boiling to prevent the separation of an aqueous 
layer on cooling, there resulted stable suspensions of the corresponding salts 
which could be dried over phosphorus pentoxide.®® 

Neuberg®^ obtained colloidally dispersed carbonates by passing carbon 
dixode through the solutions of magnesium, calcium and barium oxides in 
methyl alcohol. The alcosols were miscible with benzene, chloroform etc. 

Graham®® displaced the water in a hydrogel of silica with alcohol. He 
further states that ^‘the alcogel may be made a starting point in the formation 
of a great variety of other substitution jellies. . , . Compounds of ether, ben¬ 
zole and bisulphide of carbon have thus been produced. 

Benzenogel of calcium germanate can be obtained in a similar manner.®® 
Such structures differ from rubber jellies, being rigid and brittle, and perhaps 
are more properly classed with gelatinous precipitates rather than true gels. 

Evidence of Colloidality 

Some of the above authors made an effort to determine the degree of 
subdivision of the dispersed phase. Others apparently assumed a dispersion 
to be colloid because the dispersed substance was ordinarily insoluble in the 
medium; or, if soluble, separated in a gelatinous rather than crystalline form 
on cooling. 

A sol should appear optically heterogeneous unless the colloid particles 
imbibe the solvent to a great extent. The ultramicroscopic observations re¬ 
corded in literature are compiled below. The writer also ventures to add some 
of his own (made with the aid of a cardioid condenser and 15-25 amp. carbon 
arc as the light source). 
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Dispersed phase 

Ultramicr. appearance 

Reference 

Lead protected with rubber 

Numerous yellow particles 

4 

Rubber (smoked sheets) 

Few ultramicrons 

ibid. 

Rubber (erfipe) 

jj jy 

3 

Nickel protected with rubber 

Numerous ultramicrons 

ibid. 

Selenium 

Circular particles 

51 

''Adsorption compound” 

ITtramicrons 

16 

of fuchsine and stearin 

"Ads. compd.” of Nile blue 

Tyndall cone only 

ibid. 

and stearin 

Lecithin, kephalin and mixts. 

Ultramicrons 

87 

of cerebrosides 

C hlorides of heavy metals 

Numerous particles 

23 

Nickel protected with rubber 

Particles 

25 

Higher polymers of styrene 

Tyndall cone, sometimes 

1 

and isoprene 

a few ultra-microns 


Gold (prepared according to 

Numerous bright particles 

cf. p. 3002 

Amberger) 

Silver (from silver oxide and 

Tyndall cone, no ultra- 

p- 3003 

oleic acid) 

microns 


Carbon (according to 

Tyndall cone, no ultra¬ 

p. 3003 

Tarezynski) 

microns 


Iron sulfide 

Numerous particles which 

p. 300 

Arsenic 

vary widely in size 

Very pale (barely visible) 

p- 3003 

Copper chloride 

particles 

Tyndall cone, no particles 

p- 3003 


The colloid solutions examined by the writer were both filtered through 
602 (extra hard) Schleicher and Schlill paper and centrifuged for one hour. 
The latter treatment proved the more effective one in removing coarse 
particles. 

Tarczynski^s carbon sol, which is strongly opalescent (red brown in 
transmitted and olive green in reflected light) no longer contained ultrami- 
croscopically visible particles after centrifuging. It is possible that, because 
of the dispersed phase being uncharged (cf. p. 3006) and due to the lower 
viscosity of hydrocarbons compared to water, the larger particles settle out 
more rapidly in those sols than in hydrosols. 

Some of the ultramicroscopic observations tabulated above were made 
on lyophilic sols (rubber, lipins, Staudinger's molecular colloids); when ap- 
lied to such sols, however, optical methods yield doubtful information which 
must be supplemented by other evidence. 

Since subsequent discussion will be limited to non-lyophilic (or non¬ 
swelling) colloids, the methods particularly applicable to lyophilic sols will 
be only briefly treated of here. 
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The coefficient of free diffusion offers perhaps the most reliable means of 
distinguishing between true and colloidal solutions. Northrop^s method has 
been employed in approximate measurements.^ 

Staudinger"^® believes cryoscopic measurements to be reliable under certain 
conditions when the diffusiometric method is not likely to yield the correct 
values of molecular weight. 

On the other hand, a freezing point determination is valid only when the 
solute remains dispersed in the liquid portion of the solvent which is in 
equilibrium with the solvent crystals. Moreover, the degree of dispersion 
should not change on cooling to the freezing point. 

Since the cryoscopic method involves the use of concentrated solutions 
when applied to substances of high molecular weight, the solute may pre¬ 
cipitate before the freezing point is reached. Sometimes (f. inst. nickel 
stearate) a suspension of finely divided jelly is formed which is quite fluid 
and exhibits only a trace of opalescence, although the suspended phase can 
be separated by filtration through ordinary paper. 

Ebullioscopic determinations have been resorted to by Walden^® to show 
that tetraisoamylammonium iodide is highly polymerized in chloroform and 
benzene solution. 

Barger’s vapor pressure method was used by Loewe.® Osmotic pressure, 
dialysis and ultrafiltration experiments require membranes of known and 
reproducible permeability. A beginning in this direction has been made by 
Bechhold*^ and by McBain and Kistler.^*^ 

Using Bechhold’s precipitation membranes, Kroepelin and Brumshagen 
determined the osmotic pressure of rubber benzenosols.'*^ Mark and Meyer^^ 
used porcelain filters in similar measurements. , 

Special methods based on viscosity measurements have been described by 
Staudinger.®® 

Evidence of Electric Charge 

Several authors have observed the electrophoresis of benzenosols. 

Hatschek and Thome‘S® (cf, p. 2996) made a detailed study of the behavior 
of their nickel sols in an electric field. A potential drop of about lov./cm. 
caused no noticeable shift in the sol boundary after 8 hours. When 200-400 
v./cm. were applied the sol deposited on both the electrodes in nearly equal 
amounts. The weight of the deposit was roughly proportional to the voltage 
drop and not to square of the same (as might be expected for particles 
originally uncharged). Ultramicroscopic observations showed that the 
particles often continued in the same direction upon the reversal of the poles, 
or, on the contrary, described curved paths and proceeded towards the 
opposite pole while the field remained constant. The particles which hap¬ 
pened to be midway between the electrodes when the voltage was applied 
were not affected by the field. 

Rubber, which was used as the protective colloid, did not migrate to 
either pole under similar experimental conditions. The specific resistance of 
a nickel sol in toluene equaled 0.96 X 10^2 ohms, while that of the dispersion 
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medium (toluene sol of rubber plus a little benzene) was 1.37 X 10^^ ohms. 
No deposit was produced by 200 v. a.c. in 1.5 hours. 

The green-colored nickel carbonate sols^^* migrated only to the anode. 
When precautions were taken to exclude oxidation, nickel sols were prepared 
which similarly contained only negative particles. 

All of the above sols contained between 1-8 g. nickel per liter. More 
dilute sols (o. 1-0.2 g. per liter) did not migrate to either pole when subjected 
to 400 v./cm. 

Hat schek and Thorne are inclined to think that their sols contain charged 
particles, and that the magnitude and sign of the charge changes during the 
preparation. 

Humphry and Jane**® observed the effect of an electric field (200 v./cm.) 
on benzenosols which were caused to flow downward, in a thin stream, be¬ 
tween charged plates immersed in benzene. They resorted to the optical 
method of striae in order to render colorless sols visible in benzene. Am- 
berger's silver sols (cf. p. 2QQ5) were deflected towards the anode,Hatschek 
and Thorne's nickel sols both ways. Rubber sols^^ also migrated to both the 
poles; after careful drying, however, no deflection was observed. Buchner 
and Royen^^ investigated Humphry and Jane's method further. In every 
case which they observed (hydrosols and salt solutions in water) a spreading 
of the stream took place rather than unilateral deflection. Any solution or 
colloid of greater conductivity than the liquid, through which it was caused to 
flow, tended to spread between the electrodes. No spreading occurred when 
the conductivities were nearly equal. This might be expected because, at 
the boundary between two solutions of different conductivity, electric forces 
change in a manner equivalent to the effect of a surface electric charge. 

Much higher field intensities (several kilovolts per cm.) were used by other 
investigators. Pochettino^^ connected platinum electrodes immersed in a 
selenium sol to the poles of a ^^small electrostatic machine of Wimshurst." 
A compact, strongly adherent deposit of selenium formed rapidly on the 
anode. The sols studied were obtained by dissolving the dispersions of 
selenium in solids (fluorene, retene, thymol, diphenylamine and triphenyl- 
amine) in carbon bisulfide and in benzene. Dispersions in phenanthrene, 
when dissolved in benzene, deposited on the anode; when dissolved in carbon 
bisulfide, on the cathode. 

Von Weimarn's organosols of gold and silver^® migrated to the anode in the 
field of an electrostatic machine. It is not stated, however, whether hydro¬ 
carbons or other organic solvents served as the dispersion media in those 
experiments. 

Hall®® subjected suspensions of metals and their salts (cf. pp. 2993, 2996) 
in transformer oil to 10-200 kv. for 1-3 hours, in order to determine whether 
the Cottrell method of precipitation was applicable to liquid media. A 
platinum plate and needle served as the electrodes. (The distance between 
the electrodes was given as i cm. in the calculations at the end of the article). 
The polarity was reversed in a number of the experiments, and high voltage 
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a.c. was also used. There was no movement to either electrode, and the rate 
of sedimentation was not influenced by the electrical treatment. 

Evers^® (cf. p. 2994) subjected the platinum sol prepared by him to 40 
kv./cm.; the whole of the dispersed phase deposited in half an hour. More 
material separated on the anode than on the cathode. 

Few data are available regarding the electrical conductivity of colloid 
dispersions in hydrocarbons. The measurements made by Hatschek and 
Thorne have been referred to above. 

The conductivity of nickel stearate benzenosols does not exceed that of 
benzene of ordinary purity (ca. mhos.)^ 

Tomaschewsky® found the resistance of a potassium sol in xylene to ap¬ 
proximate 10^2 ohms. 

Additional Electrophoresis Experiments 

While studying the behavior of nickel stearate in benzene, the writer 
subjected a 1% dispersion of the soap to 20 kv./cm. for 6 hours. No change 
in color and no deposit resulted (an unpublished observation). The rectified 
output of a high-voltage transformer served as the source of potential. 

Amberger's silver sol (cf. p. 2995) was next investigated. It did not move 
to either electrode in the field of an electrostatic machine (ca. 15 kv/cm.), the 
time of observation again being 6 hours. Partial coagulation occurred; some 
of the coarse particles formed settled out between the electrodes, others 
remained in temporary suspension. The filtrate was colored like the original 
sol diluted with two volumes of the solvent. 

The above experiments led the writer recently to undertake further work 
in order to find out whether charged benzenosols were the rule, or, rather, an 
exception. Colloid systems were chosen in which the dispersed phase was, 
as far as it was known, insoluble in the dispersion medium; i.e. systems analog¬ 
ous to hydrophobic sols in water in which the electric charge would more 
likely be the main stability factor. 

Experimental conditions further restricted the choice of sols to those which 
were colored and did not decompose when in contact with air. 

With the aid of a battery (720 v.) and the line voltage (240 v. d.c.) in 
series, potential drops of up to 5000 v./cm. were easily realized by varying 
the distance between the electrodes. 

The only source of higher voltage available at that time was an induction 
coil. A rectifying device was therefore built (Fig. i), which consisted of two 
disks mounted on the same motor shaft. One of the disks, while rotating, 
closed the primary contacts (P) and allowed them to open again. 

The second disk, covered with copper, carried a spring which, in a certain 
position, made contact with the ball K; another spring, connected to the high 
voltage end of the secondary, pressed against the disk. 

The condenser C2 discharged, about once a second, through the spark gap 
Sp which consisted of two brass balls, 2 cm. each in diameter and 1.2 cm. apart. 
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The sparking potential under the above conditions equals 38 kv. when one 
of the balls is grounded.^® The distance between the electrodes of the cell 


was 6-7 mm., and hence the potential drop of the order of 60 kv./cm. 

The design of the electrophoresis cells is illustrated on Fig. 2. The 
electrodes are finely polished and plated with platinum. 

The cells used in high voltage experiments 


(60 kv./cm.) were made of thick capillary tubing. 
The p.d. was applied for an hour, at the end of which 
time any change in color of the sol was noted, and the 
electrodes were examined for deposit with the aid of a 
microscope. 



Fig. I 

B = 6 V.; Cl = 4iuf. (this value is rather critical); G is an 
ammeter (30 amp. scale); C2 = ca. 150 nfii. 



Fig. 2 


Since the field strength was of such a magnitude as to drive to the elec¬ 
trodes all charged colloid particles within a fraction of one hour, the above 
observations were deemed suflScient. 

In another set of experiments, where 5 kv./cm. were used, the inner 
diameter of the cell was 3 mm. The time of observation was six hours or longer 

The preparation and properties of the sols used in the electrophoresis ex- 
^nments are given below. (The non-volatile matter content was determined 
by evaporating a sample of the sol at room temperature in vacuo. Ultra- 
microscopic observations are given on p. 2998). 

I. An^erger’s gold sol in xylene. This sol was prepared according to the 
original directions" and reprecipitated with 4 vols. of ethyl alcohol, the 
precipitate dried in vacuo and dissolved in xylene. There was considerable 
sediment on centrifuging. Analysis of the supernatant sol showed the presence 
of 14.X g. non-volatile matter and 2.44 g. gold per 1 . The sol is dark brown, 
almost opaque, and strongly opalescent, the reflected light being purple. 
There was no further sediment after two months. 
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2. Colloidal silver in toluene (from silver oxide and oleic acid). Silver 
oxide (o.i g.) was heated on a water bath with 100 cc. of 5% oleic acid in 
toluene for 4 hours. On cooling to —10®, a gelatinous precipitate of the silver 
soap separated. The sol, filtered and centrifuged, appeared red brown in 
transmitted and purple in reflected light. The silver content was 0.22 g./l. 

3. Colloid arsenic in xylene. The arsenic sol was prepared by refluxing 
a dilute solution (1% or less) of arsenic trichloride over sodium; it was con¬ 
centrated by distilling off As CI3 and xylene. The remainder appeared 
greenish gray and exhibited a faint Tyndall cone. No sediment separated 
in 3 years’ time. 

Colloid tin was also prepared by passing carbon monoxide through a 
solution of stannic chloride; it required an excess of the chloride for stability, 
reacted rapidly with moisture in the air and was therefore unsuitable for the 
electrophoresis experiments. 

4. Colloid nickel in toluene}^ The following mixture was refluxed for i 
hour: 20 cc. toluene, 20 cc. 1% nickel carbonyl and locc. of nentrifuged 1% 
crepe sol in toluene.* Metallic Ni precipitated; the filtrate was an opalescent 
black sol which showed no sediment on centrifuging. The sol contained 
0.304 g. Ni per 1 . 

5. TarczynskVs carbon sol in xylene}^ Xylene (30CC.) was arced between 
carbon electrodes at 9 amp. d.c. or 15 min. The resulting suspension was 
turbid and polydisperse. It was quite clear when centrifuged, brown red in 
transmitted and olive green in reflected light. Non-volatile matter content 
was I g./l. When five cc. of the sol in a collodion bag were dialyzed against 
continuously renewed solvent for 2 days, the dispersed phase (about i mg.) 
precipitated as a purple powder. 

6. Pocheitino's selenium sol in paraffin oiU^ Red (amorhpous) selenium 
was precipitated by passing SO2 through an aqueous solution of selenium 
oxychloride, filtered and dried. It was ground to a fine powder, and a small 
amount (about 10 mg.) suspended in 10 cc. paraffin oil (nujol). The suspen¬ 
sion was stirred for 3 hours and finally filtered. The filtrate was colorless, 
and the possible amount of dissolved selenium did not exceed i mg. 

Next, 50 mg. selenium were added to 30 cc. paraffin oil at 180°, and the 
temperature raised to 200° in 5 minutes. A red coloration developed. The 
dispersion was rapidly cooled (by immersing the container in running water) 
and centrifuged. The portion which had not dispersed, together with the 
small amount of sediment, weighed 29 mg. The sol thus contained about 0.7 
g./l. of selenium, although a small amount might have been lost to the atmos¬ 
phere. It was markedly opalescent and orange red in color. There was no 
sediment after a month. Also, the sol is not sensitive towards direct sunlight. 

7. Colloid copper chloride in toluene (according to von Weimarn). To 
62 mg. copper oleate dissolved in 15 cc. toluene were added see. of 1% crepe 

* Samples of cr^pe and smoked sheets were obtained through the courtesy of the U. S. 
Rubber Cfompany. 
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sol and 5 cc. 0.1 N HCl. A turbid orange suspension resulted which was 
evaporated to 5 cc. volume and centrifuged, yielding an orange green sol of 
0.2 g./l. copper content. 

Sols of similar appearance and properties are made by adding an ether 
solution of cupric bromide to toluene. The dispersion referred to above is the 
most concentrated one which could be obtained. 

8. Hatfichek and Thorne^s nickel carbo 7 iate sol in toluene?^ To 30 cc. 
toluene were added locc. of 1% rubber (smoked sheets) sol and 10 cc. of 1% 
nickel carbonyl in toluene. The temperature was raised to 100® in 3 hours 
and allowed to rise further to boiling point overnight. The filtered sol was 
pale green; its nickel content was 0.4 g./l. 

9. Iron sulfide sol in toluene. To 10 cc. of 0.1% solution of ferric stearate 
in toluene were added 7 cc. of 1% rubber (smoked sheets) sol in toluene 
followed, drop by drop, by toluene saturated with H2S until the color deepened 
to black (3 cc. altogether). The sol was strongly opalescent; it passed un¬ 
changed through hardened filter paper, and there was no sediment on centri¬ 
fuging. The iron content was 0.43 g./l. The color changes to light brown in 
4-5 days, unless the sol is preserved in a sealed vessel. Freshly prepared sols 
only were used in the electrophoresis experiments. 


A particular effort, was made to obtain dispersions wliich, according to 
previous investigators, migrate in an electric field. Thus Hatschek and 
Thome’s nickel sol was prepared and studied, as well as Pochettino’s selenium- 
sols. The concentrated nickel carbonate sols, migrating to the anode, could 
not be readily prepared; for the addition of nickel carbonyl could be continued 
only up to a certain point, beyond which metallic nickel was formed. 

Von Weimarn’s colloid gold^® in benzene usually precipitated within a 
few hours after its preparation, and in no case lasted longer than 4 days. The 
silver sols were more stable, but could more readily be prepared by the method 
outlined above (sol No. 2). 

Evers’s platinum sols^^ could not be obtained at atmospheric pressure, and 
the writer lacked facilities for high-pressure work. 

Amberger’s gold sol (sol No. i) was prepared; the effect of high electric 
potentials on the silver sol has already been referred to (p. 0000). 

The only sol affected by potential drops of 5 kv./cm. and lower was 
Hatschek and Thorne’s colloid Ni. Indeed, looov./cm. were already sufficient 
to drive the dispersed phase to the electrodes within 10 minutes’ time. 

A number of sols, which showed no change when subjected to 5 kv./cm. 
for 6 hours and longer, underwent complete or partial coagulation at 60 
kv./cm. Colloid iron sulfide precipitated instantly and completely. Sediment 
appeared in Amberger’s gold and Tarezynski’s carbon sols after a few minutes. 

In the case of the carbon sols, centrifuging removed both the coarser 
particles and the tendency to precipitate in the electric field. 

Colloid arsenic (sol No. 3), selenium (sol No. 6), copper chloride (sol No. 7) 
were not visibly changed after i hour at 60 kv./cm. These sols exhibited a 
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distinct Tyndall cone even when viewed with the aid of a relatively weak 
source of illumination (f. inst. a flashlight). Selenium sol was the only one 
which contained bright particles visible particles; a very powerful illumination 
source (25 amp. arc) revealed the presence of numerous ultramicrons, just 
on the boundary of visibility, in the arsenic sol. 

Unstable dispersions of selenium, similar to those described by Pochettino,^^ 
were prepared by fusing selenium under phenanthrene and dissolving the 
solidified mixture in benzene or carbon bisulfide. No deposit could be noticed 
on the electrodes when such dispersions were subjected to 3 kv./cm. for one 
hour, but at 30 kv./cm. it required less than a minute for the anode to acquire 
a red coating of selenium. 

Reversing the connections from the induction coil, so that the grounded 
electrode became the anode, caused selenium to leave the high potential 
electrode (now the cathode) and to deposit on the new anode. The deposit 
of Se was thus transferred back and forth a number of times by reversing the 
polarity. 

Selenium deposited on the anode from both the benzene* and carbon bi¬ 
sulfide dispersions. In this respect the writer^s observations differ from those 
of Pochcttino, who states that the electrophoresis proceeds towards the 
cathode in phenanthrene-carbon bisulfide as the dispersion medium. 

No deposit resulted when a solution of amorphous selenium in carbon 
bisulfide was subjected to the same p.d. for one hour. 

Discussion of the Electrical Properties 

The experimental evidence regarding electrophoresis in hydrocarbons as 
dispersion media is summarized below. 


Dispersed phase 

Evidence of electrophoresis 

Reference 

Gold 

None after 6 hrs. at 5 kv./cm.; 

Sol No. I 

Platinum 

60 kv./cm. cause partial pptn. 

Deposits (chiefly on the anode) at 40 kv./cm. 

12 

Silver (Amberger^s). 

Migrates to the anode. 

46 


Undergoes partial pptn. at i5kv./cm. 

p. 3001 

Silver (from Ag 

but does not move to either electrode. 
None after 20 hrs. at 5 kv./cm. 

Sol No. 2 

oleate). 

Silver (by electric 

None after 2 hrs. at ca. 200 kv./(cm?) 

50 

dispersion) 

Lead. 

None after i hrs. at ca. 20Q kv./(cm?) 

50 

Copper. 

None after 100 min. at ca. 200 kv./(cm?) 

50 

Nickel. 

None after lov./cm. for 8 hrs.; 90 v./cm. 

25 


and higher cause the sol to deposit either 
' on both the electrodes or only on the anode. 


Mobility ca. 2 X io~* cm./sec. (p.d. = 

Sol No. 4 

Iron. 

960 V., electrodes icm. apart). 

None after 2 hrs. at ca. 200 kv./(cm?) 

50 

Aluminium. 

None after 3 hrs. at ca. 200 kv./(cm?) 

• 50 
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Dispersed phase 

Evidence of electrophoresis 

Reference 

Arsenic. 

None after 60 kv./cm. for i hr. 

Sol No. 3 

Potassium 

Electr. resist, approximates 10^^ ohms. 

8 

Carbon (?). 

None at 5 kv./cm. for 22 hrs.; none at 

60 kv./cm. for i hr. 

Sol No. 5 

Selenium (in 

Moves to the anode in the field of an 

51 

benzene). 

electrostatic machine. 



Deposits rapidly on the anode at 30 
kv./cm., no change for i hr. at 

3 kv./cm. 

p. 0000 

Selenium (in 

None at 5 kv./cm. for 26 hrs.; none at 

Sol No. 6 

paraffin oil). 

60 kv./cm. for i hr. 


Nickel carbonate. 

Deposits on the anode from concentrated 
sols; does not migrate in dilute sols 
(p.d. about 100-400 v./cm.). 

26 


5 kv./cm. for 20 hrs. has no effect on a 
dilute sol. 

Sol No. 8 

Copper chloride. 

5 kv./cm. for 20 hrs. has no effect. 

Sol No. 7 

Arsenious sulfide. 

None after ca. 200 kv./(cm?) for 3 hrs. 

60 

Mercuric sulfide. 

None after 2 hrs. at ca. 200 kv./(cm?) 

60 

Ferrous sulfide. 

None after 16 hrs. at 5 kv./cm., 
instant pptn. at 60 kv./cm. 

Sol No. 9 

Barium sulfate. 

None after 2 hrs. at ca. 200 kv./(cm.?). 

50 

Prussian blue. 

None after i hrs. at ca. 200 kv./(cm?) 

60 


It is thus seen that potential drops of less than 5 kv./cm. have no notice¬ 
able effect on colloid dispersions in hydrocarbons, with the exception of 
Hatschek and Thorne^s nickel sols. 

When we recall that the particles in hydrosols exhibit nearly the same 
cataphoretic mobility (ca. 10"^ cm./sec. at i v./cm.); and furthermore that 
similarily charged particles should move faster in hydrocarbons due to the 
lower dielectric constant,—it follows that the majority of colloid dispersions 
in hydrocarbons either are uncharged or carry only a small fraction (less than 
lo”**) of the charge possessed by the particles in water. 

An electric field of great intensity (corresponding to several kv./cm.) 
exerts ponderomotor effects on particles suspended in a hydrocarbon which 
are not necessarily electrophoretic. The nature and magnitude of these 
phenomena depends on the size and shape of the particles, viscosity of the 
medium, distance between the electrodes and their shape, etc. 

Thus if a suspension of dust particles in toluene is observed through the 
microscope, some of them will be seen to proceed towards one of the electrodes 
as soon as 5 kv./cm. is applied and to remain attached there. Oblong particles 
will form chains which orient themselves perpendicularly to the electrodes and 
eventually form a continuous path between them; while some of the smaller 
and nearly round particles begin to oscillate rapidly between the electrodes 
without actually touching the latter. Also, the free ends of the filaments 
adhering to the electrodes exhibit an undulatory movement. 
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Particles of higher dielectric constant than the medium would be expected 
to coalesce when subjected to a sufficiently strong electric field. Conductors 
(metallic particles) suspended in a liquid insulator can be considered to have 
an infinitely large dielectric constant. 

Alternating potentials are equally effective in this case, and have been 
successfully used in the precipitation of water-in-oil emulsions: the water 
droplets ''arrange themselves . . like the iron filings between the poles of the 
magnet, dance about and jiggle themselves into larger drops.’^®^ 

At potential drops of the order of 60 kv./cm. particles which are too small 
to be resolved under the microscope come within the range of the forces which 
cause coalescence, as evidenced in the precipitation of Amberger^s gold and 
silver sols, iron sulfide sol, etc. At the same time, sols which contain smaller 
particles (colloid arsenic and carbon) are not visibly changed. 

It is rather difficult to explain, in view of the above, why high electric 
potentials, both d.c. and a.c., should have no effect on coarse dispersions of 
metals and their salts in transformer oil,®® unless we assume, perhaps, that the 
viscosity of the medium was sufficiently high to prevent rapid coagulation. 

Another manner in which the influence of an electric field manifests itself 
is to cause any suspended body of higher conductivity or dielectric constant 
than the medium to move towards the region of highest field intensity; for 
instance, to the anode if the negative pole is grounded. 

Furthermore, ions are formed in increasing numbers as the voltage across 
the electrodes approaches the sparking potential; there is a rapid rise in con¬ 
ductance. Particles which were originally uncharged may then assume a 
charge, the phenomenon being similar to the electrification of smoke particles 
in the Cottrell precipitation process. 

The precipitation of a sol on the electrodes (or between them) when sub¬ 
jected to several kv./cm. does not prove therefore that the dispersed phase is 
charged, although the behavior of some sols (Pochettino^s colloid selenium) 
will not allow of a different interpretation. 

The conclusion follows that stable sols can result (and do result in the 
majority of cases) in the absence of an electric charge, if we choose a non¬ 
polar solvent as the dispersion medium. 

The determination of electrophoretic velocity in benzenosols which are 
charged presents difficulties; colloid particles are often driven to the walls of 
the vessel®® or deposited on the glass in the neighborhood of the electrodes 
(in case of the nickel sol). 

That fraction of the electrical conductivity of a sol which represents the 
transport of electricity by the colloid particles should be more capable of 
measurement when a hydrocarbon serves as the dispersion medium instead of 
water. However, the calculation of migration velocities from conductivity 
data requires that we know the thickness of the Helmholtz double layer,^®— 
a quantity which cannot be independently determined. 

Stability Factors. All of the dispersions studied by the writer showed no 
sediment after 3 months, and some of them have been preserved unchanged 
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for over three years (colloid arsenic, carbon, Amberger^s gold and silver). 
Since the viscosity of the dispersion media (benzene, toluene and xylene) is 
less than half that of water, the above colloid systems compare favorably 
with hydrosols as regards their stability. 

The electric charge cannot therefore be an important stability factor in 
the case of benzenosols. 

The obvious reason for this is that the dispersion medium itself does not 
ionize and, although a number of substances yield ions when dissolved in 
benzene, the degree of ionization is extremely small except in concentrated 
solutions. The orientation of solvent molecules, contributing to the stability 
of charged particles, is absent in^^dipole free^Tiquids like benzene, hexane and 
carbon tetrachloride.*'^ 

Only those colloid systems, in which at least part of the dispersed phase is 
insoluble in the medium, and which possess the optical properties of lyophobic 
sols, form the subject of this discussion. 

In the absence of an electric charge, one is reduced to the assumption that 
the colloid particle derives its stability from a surrounding layer of some sub¬ 
stance or substances soluble in the dispersion medium. 

In numerous instances the behavior of benzenosols bears out this sup¬ 
position. Thus, aside from a variety of sols in which rubber serves as the 
protective colloid and Amberger^s sols in which lanolin is similarly used, we 
note that copper chloride sols require an excess of copper oleate for their 
stability,*® colloid tin requires stannic chloride (p. 3003) while colloid carbon 
precipitates when the diffusible components are removed by dialysis. 

Perhaps the most fundamental criterion whereby we distinguish between 
lyophobic and non-lyophobic (lyophilic and protected) sols is that of reversi¬ 
bility. Hydrophobic sols are metastable systems which precipitate irrever¬ 
sibly on evaporation and freezing. 

Benzenosols (colloid carbon, silver, glucose etc.) on evaporation leave a 
residue which yields a sol of similar properties as soon as the solvent is added ; 
rubber protected sols redissolvc more slowly, possibly because the swelling 
and dispersion of rubber in benzene requires time. All of the sols show no 
change whatever on freezing. 

The results of the writer^s own experiments, together with observations 
of similar nature made by previous investigators, are given below. 


Dispersed phase 
Potassium. 
Silver (lanolin). 
Gold (lanolin). 


Silver. 

Nickel (rubber). 
Arsenic. 


Evidence of reversibility Reference 

Redisperses on evaporation. ® 

Redissolves on pptn. and drying. 

Redissolves on pptn. and drying. 

Unchanged by freezing in liquid air; Sol No. i 

redissolves instantly on evaporation. 

Redissolves instantly on evaporation. Sol No. 2 


Redisperses after precipitation with alcohol. 

Freezing in liquid air produces no change. Sol No. 4 
Freezing in liquid air produces no change. Sol No. 3 
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Dispersed phase 

Evidence of reversibility 

Reference 

Carbon(?) 

Unchanged on evaporation and freezing in 
liquid air. 

Sol No. 5 

Sulfur. 

Slight ppt. after repeated freezing. 

27 

Selenium 

Unchanged on freezing in liquid air. 

Sol No. 6 

Nickel carbonate 

Unchanged on freezing in liquid air. 

Sol No. 8 

(rubber) 

Copper chloride 

Unchanged on freezing in liquid air. 

Sol No. 7 

(rubber) 

Iron sulfide (rubber) 

Unchanged on freezing in liquid air. 

Sol No. 9 


Sodium chloride. 


Redisperscs after being precipitated with 
petrolic ether. 


This difference in behavior from the hydrophobic sols, where the electric 
charge is an important and probably dominant stability factor, is significant. 
The above benzenosols can most logically be classed with protected sols, 
except that the protecting substance is not always colloid. 


Summary 

The literature relative to the preparation of benzenosols and their be¬ 
havior in the electric field is reviewed, as well as some additional experiments. 
Electrical factors of stability are shown to be unimportant in hydrocarbons 
as dispersion media. 
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THE TEMPERATURE OF MAXIMUM REFRACTIVITY OF SOME 

AQUEOUS SOLUTIONS 

BY NORA GREX5G-WILSON AND ROBERT WRIGHT 

The phenomenon of the maximum density of water at 4®C is generally 
explained on the assumption that ice molecules are produced in solution at a 
temperature somewhat above the freezing point. Since ice is less dense than 
water its presence will counteract the increasing density of water due to the 
lowering of the temperature. At 4®C the two effects will balance each other, 
and between 4®C and o®C the rapid formation of ice molecules will more than 
overcome the normal contraction, thus causing an expansion to take place 
between 4®C and the freezing point. 

The existence of the point of maximum density is thus seen to be due to 
the fact that the change of density on freezing is in the opposite direction to 
the normal change which accompanies fall of temperature in the liquid state. 
With most physical properties the change on freezing and the change with 
fall of temperature in the liquid are in the same direction. For example, 
water increases in viscosity and in surface tension with fall of temperature, 
and the viscosity and surface tension of ice are greater than that of water. 

Now the mean refractive index of ice (1.31) is less than that of water 
(1.33), and the refractive index of water increases with fall of temperature. 
We may therefore expect to find a temperature of maximum refractivity 
(t.m.r.) corresponding to the temperature of maximum density (t.m.d.). But 
as the change of refractive index of water on freezing is only about 1.5% com¬ 
pared with a change of 8.5% in density, we should expect a greater concen¬ 
tration of ice molecules, i.e. a lower temperature, to be necessary at the t.m.r. 
than at the t.m.d. 

Jamin^ by means of his interferometer, found the t.m.r. of water to be very 
close to the freezing point. Pulfrich^ using the instrument designed by him¬ 
self, and employing the natural cold of a winter night, found the t.m.r. of 
water to be between — i®C and —2°C. These would seem to be the only 
recorded observations of the phenomenon. 

It has long been known that the presence of a solute lowers the t.m.d. of 
water, the lowering being in general proportional to the concentration of the 
dissolved substance. An attempt has now been made to determine if a similar 
effect is to be found in the case of the t.jn.r. 

Experimental, Both the Pulfrich refractometer and the Jamin interfero¬ 
meter are difficult instruments to control at temperatures lower than that of 
the room. It was therefore decided to employ a Zeiss dipping refractometer 
which is slightly more sensitive than the Pulfrich instrument and was found 
to be readily workable at temperatures near the freezing point of water. 

^Chem. Reviews, 43, 1191 (1858). 

* Wied. Ann., 34, 332 (1888). 
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The liquid to be investigated was placed in a weighing bottle and attached 
to the prism of the instrument by means of a rubber connexion, the instrument 
was then placed in the cooling bath and kept at a definite temperature for 
quarter of an hour, after which a reading was taken. No difficulty was found 
in holding the bath at a steady temperature by the addition of ice or if neces¬ 
sary of a small amount of common salt. The temperature of the bath was 
then lowered, and after equilibrium had again been reached, a second reading 
was taken, and so on. At temperatures near zero the field of view became 
obscured on account of the condensation of moisture on the back of the prism 
inside the instrument. This film of moisture made accurate readings im¬ 
possible, but it was effectively prevented by the simple expedient of placing 
a granule of calcium chloride—wrapped in tin foil—on the upper surface of 
the prism before attaching the latter to the instrument. The presence of the 
granule decreases slightly the intensity of the light- passing into the instru¬ 
ment, but does not interfere otherwise with the field of view. 

It was hoped that it would have been possible to obtain readings on both 
sides of the t.m.r., and to observe decreasing refractive index with decreasing 
temperature. This was only found possible in the case of water itself. With 
all solutions the t.m.r. was considerably below the freezing point, and freezing 
took place before a decrease in refractive index could be observed. It was 
therefore decided to obtain the t.m.r. by means of an indirect graphic method. 

The temperature coefficient of refractive index of an aqueous solution 
decreases with fall of temperature, till at the t.m.r. its value is equal to zero. 
The value of the coefficient was therefore determined at a series of tempera¬ 
tures, plotted against the temperature, and the curve extcrpolated to find the 
temperature at which the coefficient was of zero value. This temperature is 
obviously the t.m.r. 

In practice it was found most expedient to obtain readings of the refractive 
index at about 4° intervals of temperature, and hence calculate the tempera¬ 
ture coefficient for the average temperature of each interval, carrying the 
series of readings to as low a temperature as possible. 

Unfortunately the extcrpolated value of the t.m.r. is by no means definite. 
There is moreover an additional error caused by the slight change of refractive 
index of the prism with fall of temperature. This change in the prism is 
however, according to the manufacturers of the instrument, of very small 
value, and may probably be safely neglected in comparison with the much 
greater error due to exterpolation. 

As an example of the method we may consider a set of results obtained 
with water:— 


T 

16“ 

R 

15 - 4 S 

dT 

dR 

dR/dT 

T/ 

14“ 

15-85 

2 

.4 

.200 

15.0 

11° 

16.3s 

3 

•5 

.165 

12.5 

f 

16.8s 

4 

•5 

.125 

9.0 

0 

17-15 

4 

•3 

•07s 

5-0 
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The first two columns give the temperatures and instrument readings, the 
temperature differences and instrument reading differences are given in the 
third and fourth columns, and the temperature coefficients and the corres¬ 
ponding average temperatures are in the last two columns. If the tempera¬ 
ture coefficient dR/dT is plotted against the average temperature we get an 
approximately straight line, which on exterpolation to zero value for the coeffi¬ 
cient indicates that the t.m.r. lies between o® and — i°C, Fig. i. 



Fig. I 

Results, The t.m.r. for water has been found by a series of measurements 
to be in the neighbourhood of — o.5®C. As already stated this was the only 
case in which it was found possible to cool the liquid below the t.m.r., and 
find a decrease of refractive index with decrease of temperature. The values 
obtained at the different temperatures were as follows:— 

T. 10® 6® 2® ~2® -3*" -4° -5® 

R.I. 1.33370 1-33389 1-33424 1-33424 1-33416 1.33397 1-33385 


Table I 

Temperatures of Maximum Refractivities of Aqueous Solutions 
(The figures indicate degrees below zero) 




Chloride 

Bromide 

Iodide 

Nitrate 


N /2 

4.2 

2.8 

3-5 

6.5 

H 


4.2 

3-0 

3-9 

7-4 


N /4 

2.1 

2.1 

3-0 

3-5 



2 . I 

2.0 

3-0 

3-4 


N /2 

4.3 

3-7 

5-5 

6.9 

L. 


3.8 

3.8 

5-3 

6.8 


N /4 

2-3 

2.9 

3-8 

3-5 



2.5 

2.3 

3-5 

2.5 


n /2 

7.5 

6.0 

6.3 

11.2 

Na 


9.8 

7.0 

6.8 

10.9 


n /4 

3-5 

4-0 

4.3 

7.0 



3-6 

3-9 

4-2 

6.6 


n /2 

6-5 

7-8 

8.3 

10.0 

K 


7.5 

8.1 

8.5 

9.8 


n /4 

3-5 

3-5 

4-5 

6.2 



3-0 

4-2 

4-2 

5-4 
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Table I (Continued) 




Chloride 

Bromide 

Iodide 

Nitrate 


N/2 

4-9 

4.9 

5 -S 

7.6 

NH4 


S -9 

4.3 

5.8 

8.1 


n /4 

3*7 

2-5 

3 0 

S-i 



30 

30 

2.8 

S -3 



Sulphate 

Formate 

Acetate 

Propionate 


n/2 

6.0 

4.3 

4.0 

4-7 

H 


6.4 

4.6 

4.5 

4.8 


n /4 

3*4 

2 2 

2.5 

2.9 



3-4 

1-7 

2.6 

2.7 


n/2 

12.6 

6.4 

7.8 

8.6 

Na 


12.0 

6.0 

8.0 

8.4 


n /4 

5-0 

4.0 

3 S 

3*7 



5-4 

4.4 

3-3 

4.2 


The values of the t.m.r. for a number of solutions of N/2 and N/4 strengths 
are given in Table I, and the lowerings of the t.m.r. caused by the presence 
of some solutes in N/4 solution are compared with the corresponding lowerings 
of the t.m.d. in Table II. The figures for the t.m.d. lowerings are taken from 
a former paper by one of us.‘ 

Table II 

Lowering of T.M.R. N/4 Solutions 



Cl 

Br 

I 

N 0 » 

H 

1.6 

1.6 

2*5 

3*0 

L, 

1.9 

2.1 

3*1 

2.5 

Na 

3*1 

3*5 

3.8 

6.3 

K 

2.7 

3*3 

3.8 

5*3 

NH4 

2.8 

2.2 

2.4 

4.7 


Lowering of T.M.D. N/4 Solutions 



Cl 

Br 

I 

NOs 

H 

1*3 

1.8 

2.2 

3*1 

Li 

1*4 

1.9 

2-3 

3*1 

Na 

3*1 

3*7 

4.0 

5*0 

K 

2.8 

3*2 

3*7 

4.5 

NH4 

1.8 

2.3 

2.7 

3*6 

It will be seen that for 

any given solute the lowerings of the t.m.r. increase 

with concentration, but it 

is not certain that the two are directly proportional 

to each other. 

In comparing the density with the refractivity effects it must 

be remembered that the former are capable of much more 

accurate deter- 


mination. 

Physical Chemistry Department, 
Glasgow University. 

March Si, 1931 . 


* J. Chem. Soc., 115 ,119(1919). 




GELATIN IN WATER-ALCOHOL MIXTURES* 


BY HELLMUT SIEBOURG 

Jacques Loeb^ in one of the last chapters of his book “Proteins and the 
Theory of Colloidal Behavior’' has pointed out the peculiar phenomena of 
stability of gelatin in mixtures of water and alcohol. Following his line the 
purpose of this paper was to investigate the behavior of a standard gelatin 
solution after addition of water-alcohol mixtures containing increasing 
amounts of alcohol. Unfortunately alcoholic or partly alcoholic media ex¬ 
clude most of the methods used in colloid-chemistry and limit the investi¬ 
gation to processes which are not based upon the observation of ionic 
phenomena. 

Experimental 

Preparation of the mixtures.—Several standard solutions containing i% 
gelatin, calculated on the moisture-free basis (105°), were prepared. The 
gelatin used was 

“De-ashed Eastman Purified Gelatin” (Lot No. 50) 

Moisture when packed 90% 

Ash on moisture-free basis *03% 

pH on 1% solution 4.8 

Following the directions of S. E. Sheppard and R. C. Houck^ the gelatin 
was put as small strips into a volumetric flask. The amount of water added 
for soaking was equal to five times the weight of the gelatin. The time of 
soaking however was extended to 24 hours (at 25®) as recommended by 
R. Wintgen and H. LoewenthaP in order to obtain results which could be 
duplicated. Solution was made by means of about 50 cc. water of 52®. 
This temperature was kept for 30 minutes. After 15 minutes, which in all 
cases was suflicient for complete solution, either HCl or NaOH was added in 
order to alter the hydrogen ion-concentration, except for the standard solu¬ 
tion representing the isoelectric point (see below). Then the volumetric 
flask was nearly filled; final adjustment was performed later at the pre¬ 
scribed temperature. These 1% standard solutions were kept for an addi¬ 
tional 48 hours at 25®, except that during the nights the temperature went 
down to about 20®. According to Sheppard and Houck* one can expect 
rapid changes of viscosity to have stopped, particularly in these relatively 
dilute solutions. Some of them showed gelatinization (thixotropical effect), 
and therefore it was necessary to liquefy them again by heating to 52® in the 
water bath. 

Then the final mixtures could be prepared by dilution. The water was 
always added first, then the alcohol with vigorous shaking. The water 

* Contribution from the Chemical Laboratory of Washington University. This work 
has been made possible by a stipend from the “Germanistic Society of St. Louis.” 
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used was conductivity-water with a relative conductivity of 2.2 X io~* 
reciprocal ohms. The alcohol was dried by several distillations from OkO, 
its conductivity being less than 3 X 10“"^ reciprocal ohms. This degree of 
purity was sufficient for the precision of the measurements. The water was 
protected against CO2 and the alcohol against moisture from the air; both 
were stored in closed bottles with connected burettes. In order to vary the 
composition of the final mixtures, 45 cc. water, or 40 cc. water plus 5 cc. 
alcohol, or 35 cc. water plus 10 cc. alcohol etc. were added to 5 cc. standard 
solution; the resulting mixtures contained 0%, or 10%, or 20% etc. alcohol. 
Thus it was possible to obtain in steps of 10% all mixtures with from 0% up 
to go^/c, alcohol. The hydrogen ion-concentrations were determined in the 
purely aqueous dilutions. This pH number was considered as significant for 
the whole series, because the behavior of the series was doubtlessly dependent 
upon the state of the gelatin in its pure aqueous solution. The dilute iso¬ 
electric gelatin had a pH 4.7. The gelatin content in all mixtures was only 
0.1%. This seemed to be advisable in order to obtain sols comparable 
throughout the entire field covered in this investigation, even if the alcohol 
amounted to 90%. 

There was some difficulty in preparing mixtures with more than 70% 
alcohol when starting with the isoelectric standard solution. It was found 
that these mixtures were obtained satisfactorily by adding the alcohol to the 
warmed aqueous part which was heated again to 52° In the water bath. 
Parallel trials with mixtures, where this treatment was unnecessary, showed 
that it had no appreciable influence upon the observed phenomena. While all 
the mixtures were almost water-clear, the last members of the series were 
milky and showed a light orange shade in transmitted light. In the case of 
the isoelectric gelatin this phenomenon took place with an alcohol content 
of s^-60%. The very strongly acid or basic gelatin mixtures were clear 
throughout the series. 

Viscosity measurements.—The viscosity of all the mixtures was deter¬ 
mined. The instrument used was an Ostwald-viscosimeter, which always 

Table I 


Viscosity in Millipoises: 


pH = 

1.2 

4.1 

4.7 

7.3 

10.4 

12 8 

0% 

9.01 

9.71 

9.60 

9.63 

9 23 

9.09 

10% 

12.10 

1323 

12.78 

12.88 

12.35 

12.23 

20% 

16.04 

17.61 

16.79 

17. II 

16.36 

16.23 

30% 

19.91 

21.92 

20.64 

21.38 

20.27 

20.21 

40%, 

22 59 

24 79 

23.39 

24.19 

22.97 

22.86 

50% 

23 • 54 

25.64 

24.41 

25.10 

23.98 

23.92 

60% 

23.12 

24.68 

23.60 

23.76 

23.16 

23.46 

70% 

21 45 

22 42 

21.60 

21.57 

21.22 

21 .82 

80% 

18.76 

18.61 

i8.62 

18.44 

18.41 

19.15 

90% 

Alcohol 

15-78 

15.15 

15-14 

15-14 

15.15 

16.23 
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contained exactly $ cc. of liquid. All measurements, time of outflow, as 
well as density in the pycnometer, were carried out at 25®. The results are 
to be seen in Table I and Fig. i, in which the viscosity is given in millipoises 
for the various pH numbers. Each horizontal line represents the mixtures 



of the same alcohol content at different hydrogen ion-concentrations. Dis¬ 
regarding the shifts of the curves up and then down again with increasing 
alcohol content, which is due to the viscosity-curve of the pure water-alcohol 
mixtures, we always observe the same type of curves in the mixtures con¬ 
taining from o to 60% alcohol: namely between two maxima, in the neighbour¬ 
hood of the isoelectric point, one minimum at this point and two other 






30 i 8 


HELLMUT SIEBOURG 


minima in the strongly acid or basic regions. It is the same kind of curve 
previously recorded by other investigators as R. H. Bogue^ and S. E. Shep¬ 
pard and R. Cy Houck.* The curves given here however were obtained with 
much more dilute gelatin solutions, and give not a quantitative but only a 
qualitative picture of the phenomena. Following the curves in the higher 
alcoholic mixtures it is found that they then deviate from the type of curve 

described above, taking on more and 
more a shape which has a large 
minimum at and around the isoelectric 
point and two ascendent branches on 
both sides. 

Calculation of the volume of the 
dispersed phase. — There have been 
many discussions about the applica¬ 
bility of Einstein^s equation® for the 
dependence of the viscosity upon the 
relative volume of the solute and the 
viscosity of the pure solvent. Mainly 
the troubles seem to have been caused 
by the elasticity of the various pre¬ 
sumptions. However, working in such 
dilute solutions the application of this 
relation was not so doubtful. It may 
be noted that the calculation accord¬ 
ing to Arrhenius^ logarithmic equation 
(6) gives exactly the same relative re¬ 
sults. Einstein^s formula, after solving 
it for the unknown relative volume 
<p of the dispersed phase, reads: 



<P = 


Vb 


~ 0.4. 


Fio. 2 


2,5 X Vo 

While Vn is the viscosity of the system, 
Vo has to be the viscosity of the pure 
solvent, i.e. in the cases concerned the 
viscosity of the corresponding water- 
alcohol mixtures which were prepared 
and measured separately. Table II 
gives the results of the calculation. Fig. 2 shows the value 1000 ip (the volume 
of the gelatin micelles in cubic centimeters per one-liter solution) plotted against 
the alcohol percentage of the mixture. Each curve thus represents the change 
of the volume of definite gelatin through increasing alcohol content in the sol¬ 
vent. Most interesting is the fact that in the case of isoelectric gelatin the vol¬ 
ume seems to be nearly a linear function of the amount of alcohol, while in all 
other cases higher-order curves result. However we observe two distinctly 
different types, the one showing a minimum in a 90% alcohol mixture, the 
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other one a maximum, the latter type appearing in the strongly acid or basic 
gelatin series. In these extreme cases there seems to be also a discontinuity 
when 40 or 50% alcoholic mixture is reached, while the other types of curves 
show their maximum at about the same place or a little earlier. Fig. 3 
gives the same 1000 ^values plotted against the Soerensen number pH, 



showing somewhat the same picture as Fig. i although more distinctly. Again 
the curves join the points of equal percentages of alcohol. Between o and 
60% alcohol content the characteristics may vary a little but only quanti¬ 
tatively. Minima are at the isoelectric points, both ends of the curves run 
still lower, in between are maxima, incidently higher in the acid neighbour¬ 
hood of the isoelectric point. Then beginning with 70% alcohol content 
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Table II 


looo <;c>-valucs for the relative volume: 


pH = 

1.2 

4.1 

4*7 

7-5 

10.4 

12.8 

0% 

5-3 

34 I 

28 .Q 

30 

5 

12.6 

6.2 

10% 

5-2 

43-T 

to 

00 

to 

31 

5 

13.6 

9.6 

20% 

5.8 

45*6 

24.7 

32 

8 

14.0 

10.7 

30% 

4.8 

QO 

ir; 

IQ.7 

34 

7 

12.2 

10.9 

40% 

3 6 

42.9 

18 0 

32 

3 

10 4 

8.4 

50 % 

2.7 

38-7 

17 6 

29 

4 

10-3 

9.1 

60% 

6.4 

33 8 

14.8 

17 

7 

71 

12.4 

70% 

7.0 

25-7 

10 I 

9 

6 

2.8 

14.2 

80% 

8.4 

51 

5 5 

I 

5 

0.8 

16.9 

90% 

17*3 

0 8 

0-3 

0, 

■4 

0.7 

29 3 


Alcohol 


the inversion easily can be observed, shifting the curve down and changing 
it to the before-mentioned ^TJ’^-shape. There results finally a large minimum 
flanked by two ascendent branches. 

Discussion 

The numerical values for the volume of the gelatin in the mixtures seem 
to be reasonable, due probably to the rather high dilution of the solutions 
used, so that Einstein^s formula is applicable. 

The curves given in the Figs. 2 and 3 may also be compared with the 
curves obtained for the swelling of gelatin by other investigators. They are 
so to speak the continuation in a far more dilute field, whether one considers 
the change of the volume as a taking up and loss of solvent by the micelles 
or as a change in the degree of hydration. It can be stated that the results 
given in this paper agree with the curves given for swelling effects by Jacques 
Loeb.^ 

The most important effect of the increasing replacement of solvent-water 
by solvent-alcohol is doubtlessly the shift of the dielectric constant. The 
lowering of the solubility can be neglected on account of the very high dilu¬ 
tions. However the behavior of the mixtures up to 60% alcohol makes it 
probable that the influence of the dielectric constant is not yet important 
or that it is covered by some other effect, since the change occurs more or 
less gradually. But later on the shape of the curves becomes turned com¬ 
pletely. It is possible that the large minimum in Fig. 3 corresponds to the 
minimized effect of the electrolytes due to the lowering of the dissociation 
constant along with the lowering of the dielectric constant, and that only 
in the case of the originally strongly acid or basic gelatins there are, even at 
a very low degree of dissociation, ions enough to furnish the preformed 
gelatin-micelles with the necessary charges. The same numerous electro¬ 
lyte ions of the strongly acid or basic gelatins may cause in the more aqueous 
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mixtures a higher dispersion of the particles by breaking up the larger ones, 
thus decreasing the amount of bound solvent and the relative volume of the 
dispersed phase. 

Our thanks are due to Dr. H. Lee Ward for his suggestions and interest 
throughout the progress of this work. 

Summary 

By means of viscosity measurements the behavior of standard gelatin 
solutions, diluted with water-alcohol mixtures, was observed and the rela¬ 
tive volume of the dispersed phase was calculated. When starting with 
isoelectric gelatin the volume seems to be a linear function of the composition 
of the solvent, when starting with strongly acid or basic gelatin the volume 
shows its maximum in the highly alcoholic mixtures, in contrast to all other 
series. The results obtained may be compared also with curves of the swell¬ 
ing phenomena of gelatin. 
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THE ADSORPTION OF WATER AND ETHYL ACETATE VAPORS BY 

SILICA GELS 

BY ALBERT L. ELDER AND O. L. BRANDES 

Recently, numerous experiments on the adsorption of various substances 
by silica gels have been reported. A comparative study of the relative effi¬ 
ciencies of Holmes’ chalky silica gel and of Patrick’s commercial gel, for 
adsorbing water from an air stream containing the vapor at various partial 
pressures, has not been reported. 

The object of this investigation was to study the adsorbing powers of 
these two gels under similar conditions. In some of the experiments, an air 
stream containing water vapor at saturation values ranging from 25-100 per 
cent was used as the material to be adsorbed. In later experiments, ethyl 
acetate was substituted for water in order that comparisons between organic 
polar compounds and water could be made. 

Preparation of the Gels 

The Holmes’ chalky gel used in this work was prepared according to the 
directions given by Holmes.^ 0.8650 liters of sodium silicate of density 1.375 
were diluted up to 17.3 liters with tap water, i.16 liters of 2 N. ferric chloride 
were added slowly to the water-glass solution. The contents of the vessel 
were stirred during the addition of the ferric chloride and for a few minutes 
after the last of the ferric chloride had been added. The precipitate which 
formed slowly was allowed to stand for 50 hours and then filtered on fine 
cheese cloth. Five days later, the gel was cut into large lumps and placed 
on a drying rack. When a moisture content of 54.2 per cent had been at¬ 
tained, the gel was placed in a glass-stoppered bottle and allowed to ‘‘sweat” 
or synerize. During this process a better gel structure resulted. 

One week later, the iron-gel was treated with steam for one hour. The 
iron-oxide was then removed with 9 N. sulfuric acid at a temperature of 8o®C. 
Following the removal of the soluble salts by thorough washing with dis¬ 
tilled water, the gel was air-dried and bottled. As needed, samples of the 
chalky silica gel were removed, reduced to the required size, activated, and 
used in the adsorption measurements. 

The Patrick gel used was the ordinary commercial silica gel. 

Apparatus and Experimental Procedure 

The apparatus used was essentially that employed by Holmes and Elder^ 
in their recent work on silica gels. Briefly, it consisted of two carefully cali¬ 
brated flowipeters, a drying train, a train of saturators, a vapor mixing tube 

^ ‘^Laboratory Manual of Colloid Chemistry,” 193 (1928). 

* J. Phys. Chem., 35 , 82-92 (1931). 
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and a gel adsorption tube. The saturators, mixing tube, and the adsorption 
tube were placed in a constant-temperature air-bath. 

Adsorption measurements were made by placing a weighed sample of 
the activated gel of size 10-20 mesh in the adsorption tube and permitting a 
stream of air containing water or ethyl acetate vapor at a known partial 
pressure to pass over the gel. At intervals, the gel tube was removed from the 
thermostat, reweighed, and the gain in weight recorded as the per cent satura¬ 
tion of the gel under the conditions as specified by this experimental procedure. 
This process was continued until no more vapor was adsorbed by the gel. 



Fig. I 

Adforption of water by silica gels 
under different i)artial pressures. 



Activation of the gel was accomplished in all cases by placing the gel in a 
fused quartz tube surrounded by an electric furnace heated to 2oo°C. A 
stream of dry air was passed over the gel in the quartz tube at a rate of 
300 cc per minute for two hours. 

Any desired per cent saturation of air stream with either water or ethyl 
acetate could be obtained by mixing together known amounts of saturated 
and dry air. The rate of flow of air and water vapor through the apparatus 
was 300 cc per minute. The air and ethyl acetate mixtures were passed 
through at 100 cc per minute. All determinations were made at 3o°C. 

Results 

The results of the experiments showing the adsorption of water vapor 
from an air stream are shown in Fig, i. The saturation values of the air 
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stream for these experiments were loo, go, 8o, 75, 50 and 25 per cent. A 
similar series of experiments are shown in Fig. 2 for the adsorption of ethyl 
acetate from an air stream at the saturation values of 100, 75, 50 and 25 per 
cent. The per cent saturation of the air stream with water or ethyl acetate 
has been plotted in Figs, i and 2 against the per cent adsorption by the gels 
of water and ethyl acetate at the known partial pressures. By per cent 
adsorption is meant the ratio of the grams of adsorbed material per gram 
of gel. 

Summary 

The data plotted in Figs. 1 and 2 show that at relatively low partial 
pressures Patrick’s gel is more efficient than Holmes’ chalky gel for adsorbing 
either water or ethyl acetate from an air stream. At higher partial pressures 
Holmes’ chalky gel has the larger adsorption capacity of the two gels for 
adsorbing either water or ethyl acetate. 

Department of Chenmtrijj 
Syracuse Vniversityy 
Syracuse^ N.Y, 



THE CATALYTIC HYDROGENATION OF CARBON SUBOXIDE^ ‘ 


BY KENNETH A. KOBE^ AND L. H. REYERSON 

Of the known oxides of carbon, carbon monoxide and carbon dioxide have 
both been hydrogenated under a variety of conditions using different catalysts. 
The character of the catalysts used and the conditions of hydrogenation have 
been the determining factors in the type of products formed. The investi¬ 
gation here reported concerns itself with the hydrogenation of a third oxide 
of carbon commonly called carbon suboxide.® This oxide of carbon, C'302, 
offered interesting possibilities in as much as we are dealing with a highly 
unsaturated molecule as well as a supposedly reactive one. If the commonly 
accepted structure of carbon suboxide, 0 = C = C = C = 0 , is correct we have 
four double bonds which can be reduced. A study of the catalytic hydro¬ 
genation of this molecule might give important information concerning the 
directive influence of a catalyst in the reduction of parts of the molecule. 
For example the carbon to carbon double bond may be reduced most easily 
or the carbonyl group may be attacked first. In any event the reduction of 
carbon suboxide should give rise to different products than are obtained by 
the reduction of carbon monoxide and carbon dioxide which have only a single 
carbon atom in the molecule. The following investigation reports the results 
obtained in the catalytic reduction of carbon suboxide. 

Experimental 

The method chosen for the preparation of the carbon suboxide was that 
of Ott and Schmidt^ since this method has many advantages over the original 
method of Diels and Wolf.® Diacetyl tartaric anhydride, a substance easily 
prepared from tartaric acid and acetic anhydride, was used as the substance 
from which the suboxide was prepared. The apparatus was fairly simple 
and gave a good yield of carbon suboxide which was readily separated from 
the other products of the reaction. 

The yield of carbon suboxide (41%) obtained by Ott and Schmidt was 
rather low. Diels, Beckmann and Tonnies® reported that they had secured 
a yield of 55-60% by modifying the apparatus of Ott and Schmidt, but gave 

* The material here presented formed a part of a thesis submitted to the graduate 
faculty of the University of Minnesota by Kenneth A. Kobe in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, July 1930. 

* DuPont Fellow in Chemistry, 1928-1929. 

* Reyerson and Kobe: Chem. Rev., 7 , 479 (1930). 

4 Ott and Schmidt: Ber., 55 , 2126 (1922). 

* Diels and Wolf: Ber., 39 , 689 (1906). 

^ Diels, Beckmann and Tonnies: Ann., 439 , 76 (1924). 
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no data for their runs so that it is impossible to know whether or not these 
runs were consistent. Since the apparatus of Ott and Schmidt is rather 
delicate, it was decided to modify the construction. It was believed that 
better results would be obtained if the wires of the heating element were 
wound horizontally on a support member with practically no space between 
them and the glass walls of the containing vessel. Furthermore the flask 
holding the diacetyl tartaric anhydride should be attached to the tube 
containing the heating element so that the former could be easily disconnected 
for cleaning and recharging. 

A two-liter balloon flask, A, (Fig. i), was used to hold the diacetyl tartaric 
anhydride. The support member of the heating element was made of five 



Fig. I 

asbestos rings, M, which were separated from one another by glass rods, N. 
The rings had notches in them and 3 meters of platinum wire (.51 mm. diam¬ 
eter) were strung across the rings in such a manner that the direction changed 
on each ring, thus giving a criss-cross effect. Finally the rings were covered 
with an insulating cement. The tube B was made from 2-3/4" Pyrex tubing 
constricted at the bottom and sealed onto the neck of a two-liter balloon flask. 
After the neck and lead-in tubes, 0 , were sealed on, the heating element was 
slipped into the tube, and the lead-in wires, P, were pulled through the tubes. 
The top was then drawn down and a small tube sealed on. The top of B was 
extended above the heating element for some distance so that if necessary 
the top could be cut off, the tubes, O, cut off and the heating element removed 
for repairs. The flask A and tube B had the glass joints ground smooth and 
these were separated by a ring of rubber steam packing, F, which was coated 
with a thick rubber solution when put in place. The flasks A and B were 
then tightly clamped together (clamps not shown) by aluminum rings which 
could be drawn together by screw clamps. A series of three traps, C,D,E, 
and a manometer, J, were sealed onto the generator. The system was 
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evacuated to a pressure of about a millimeter of mercury and this was main¬ 
tained in the apparatus during a run by continuously operating a pump. The 
pump was exhausted outside of the room since carbon monoxide is a product 
of the reaction. The flask A was heated by a melted salt mixture, K, con¬ 
sisting of 10 parts KNOg and 8.5 parts NaNOg. This mixture has a melting 
point of 135®. The heat was supplied by a flat burner, L. 

In all runs 200 grams of diacetyl tartaric anhydride’ were placed in the 
flask A and the system evacuated. The temperature of the bath K was 
raised to 180® at the beginning of the run and increased to 220® toward the 
end. A current of 7.2 to 7.7. amperes through the filament heated it to a dull 
reddish yellow. A new filament was never found as effective as one that had 
been used. The vapors of diacetyl tartaric anhydride were drawn through 
the heated filament where decomposition into carbon suboxide, acetic acid, 
carbon monoxide, and carbon dioxide took place. The products of the 

Table I 

Yields of Carbon Suboxide 


Hun 

Time of Run 

Current 

amps. 

Residue 

grams 

C ,02 

grams 

Yield 

% 

II 

8 hrs., 4S min., 

7.2 

79 

32 

SO .8 

12 

8 hrs. 

7-7 

15 

42 

66.6 

13 

9 hrs., 10 min. 

7.6 

36 

40 

63 S 

14 

8 hrs., 25 min. 

7.2 

34 

43 

68.2 

15 

II hrs., 30 min. 

7.2 

80 

39.5 

62.7 

16 

8 hrs. 

7.2 

37 

45 

71-4 

17 

9 hrs. 

7-3 

30 

39 

61.9 

18 

9 hrs., 30 min. 

7.2 

25 

46 

730 


reaction with the exception of carbon monoxide were frozen out in trap C 
which was cooled in liquid air. The pressure drop caused by the carbon 
monoxide passing thru the line gives an estimate of the decomposition taking 
place. At the conclusion of a run the acetic acid was separated from the 
carbon suboxide and dioxide by placing an alcohol bath at —35® about tube 
C for 30 to 40 minutes and condensing the suboxide and dioxide in trap D 
cooled in liquid air. Trap D was then surrounded by an alcohol bath at 
— no to —ns® and the carbon dioxide pumped off for about an hour. Some 
carbon suboxide was lost during the process but the amount was not 
great. The carbon suboxide was then distilled into a container immersed in 
liquid air. The data for the runs using this apparatus are given in Table I. 

After the run was completed and the apparatus cut apart the tarry deposit 
on the heating element was burned off by passing a current through the wires 
and blowing a slow stream of air or oxygen through the tube B. In this way 
the possibility of a short circuit in the heating element during subsequent 
experiments was avoided. 

' Wohl and Oesterlein: Ber., 34, 1144 (1901). 
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Hydrogenation 

In the actual hydrogenation a flow method was employed. The carbon 
suboxide was first distilled into tube A (Fig. 2) and this was immersed in an 
alcohol bath maintained at “So®C. Electrolytic hydrogen, which had been 
freed from oxygen and water vapor, was bubbled through the carbon sub¬ 
oxide and the mixed gases passed through 15 cc. of catalyst in tube D. The 
vapor pressure of carbon suboxide at — 50® is 45 mm. The hydrogen-carbon 
suboxide ratio was therefore of the order of 15 to i, to 16 to i depending upon 
the barometric pressure since the pressure of the mixed gases was maintained 
at very nearly that of the surrounding atmosphere. After passing the cata¬ 
lyst the gases were led through the trap F which was maintained at —60®. 



Products of the reaction, not condensed in F, were frozen out in traps G and 
H which were cooled by liquid air. Excess hydrogen together with any car¬ 
bon monoxide formed during the reaction passed the traps cooled in liquid 
air and was allowed to escape. The temperature of the catalyst was main¬ 
tained by an electric heating coil which was wound about tube E. The ther¬ 
mometer, C, was used to follow the temperature of the catalyst during a run. 
With a catalyst present there was always a marked rise in the temperature of 
the catalyst (sometimes as much as 50®) when the gas mixture first came in 
contact with the granules of active material. The heating current was then 
adjusted so that the temperature fell to the starting value, and this was main¬ 
tained to the end of the run. In run IV at 300® the catalyst was badly fouled 
and carbonaceous material was deposited on the sides of tube D. When the 
catalyst was removed and boiled in dilute nitric acid a red colloidal suspen¬ 
sion was formed. This indicated considerable polymerization of the suboxide 
on the catalyst surfaces. The catalyst used and the quantity of reaction 
products are summarized in Table II. 
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Table II 

Grams 

Grams of 

Liters of 

Run 

Temp. 

Catalyst 

of CsOj 
used 

liquid 

produced 

gas 

N.T.P. 

II 

200® 

Nickel-silica gel used in 

39 

8 

— 



Run I 




III 

200® 

Fresh nickel-silica gel 

39 

5 

4.0 

IV 

300® 

Catalyst from run III, 

30 

4 

3-15 



heated and reduced 




V 

200® 

Palladized-silica gel 

35 

5 

2.0 

VI 

10 

0 

0 

Catalyst from run V 

32 

5 

2.8 



heated and reduced 
at 300® 




VII 

200® 

Nickel-silica gel 

42 

4.5 

405 

X 

200® 

No catalyst 

13 

I drop 

I- 3 I 

XI 

200® 

20 cc. 8-14 mesh pyrex 

12 

I drop 

1.18 


The Character of the Reaction Products 

In considering the reaction products we shall designate as liquid-products 
whatever was condensed in trap F and as gaseous products those substances 
which were frozen out in traps G and H. The analysis and identification of 
the gaseous products will be taken up first. At the conclusion of a run bulbs 
G and H were shut off from bulb F and connected by a tube to a ten liter 
bottle filled with water in such a manner that gases could displace it. The 
liquid air was removed from around the bulbs and they were allowed to 
warm up to room temperature. The frozen products of reaction vaporized 
and displaced water from the bottle. A very small amount of liquid, about 
one half cc. usually remained unevaporated. This gave a color test with 
Schiff^s reagent, but no phenyl hydrazone could be formed. The quantities 
were so small that no further tests were run on this liquid. The gas con¬ 
fined over water was allowed to stand for a day so that any carbon suboxide 
would react and dissolve in the water. 

The gas from run III was analysed in a Hempel gas absorption pipette 
system but the accuracy was not sufficiently high. All succeeding analyses 
were made in the gas analysis apparatus developed by the U.S. Steel Cor¬ 
poration.® These results showed the gas to be a mixture of an unsaturated 
hydrocarbon, a saturated hydrocarbon, carbon monoxide, carbon dioxide, 
hydrogen, oxygen, and nitrogen. Since no special precautions were taken to 
keep traces of air out of the large bottle or the connecting tubing and the 
ratio of nitrogen to oxygen was found to be almost that of air, it was con¬ 
cluded that the nitrogen and oxygen came from such sources. A typical gas 
analysis is given in Table III. This was made on the gas mixture obtained 
in run VII. 

* ^'Methods of Chemists of the U. S. Steel Corporation for sampling and analysis of 
gases.’’ Carnegie Steel Corporation (1927). 
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Table III 



I II 

Average 

Carbon dioxide 

44-5 44.5 

44 -S 

Unsaturated hydrocarbon 

29.7 29.5 

29.6 

Oxygen 

.6 .6 

.6 

Carbon monoxide 

2.0 2.2 

2.1 

Hydrogen 

17.5 18.2 18.2 19.I 

18.2 

Saturated hydrocarbons as CjHs 

2.1 2.1 2.2 2.2 

2.2 

Nitrogen 


2.8 


The principal hydrocarbon product was the unsaturated one so that its 
identification was next undertaken It was first identified by gas analysis 
methods and later established by the formation of a derivative. A complete 
analysis of the gas was first made. A sample of the original mixture was then 
taken and the carbon dioxide removed. Small portions of this residue were 
then mixed with oxygen and exploded. The decrease in volume and the 
amount of carbon dioxide formed was measured. The decrease in volume and 
the carbon dioxide which should result from the combustion of all the gases 
except the unsaturated was calculated from the complete gas analysis. By 
subtraction, the changes produced by the unsaturated hydrocarbon were 
obtained. The data for the analysis of the products of run V are given in 
Table IV and the results of the analysis of the products of run VI are given 
in Table V. The columns headed by the letters A, B, C, or D record the 
analytical results obtained on using separate samples of gas taken from the 
same source. The values are given in cubic centimeters of gas. 


Table IV 


Volume of gas taken 

100.0 



Volume after CO2 removed 

87.6 




A 

B 

C 

Vol. used for combustion 

12.0 

15-2 

15.6 

Oxygen added to 

93-6 

93-3 

93-4 

Vol. after explosion 

79.0 

74-7 

74.0 

Volume after CO2 absorption 

72.6 

66.3 

65-3 

Contraction 

14.6 

18.6 

19.4 

CO2 

6.4 

8.4 

8.7 

Calculated amounts from complete analysis 



A 

B 

C 

Unsaturates 

1.98 

2-51 

2.57 

CO 

.04 

•05 

• OS 

CJIg 

.19 

.24 

•2$ 

H2 

6.03 

763 

7.82 

Air 

3*75 

4-75 

4.88 


11.99 

iS-i8 

15.57 
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Table IV (Continued) 

Contractions calculated from above 

A B C 


Due to CiHg 

•57 

.72 

■75 

Due to CO 

.02 

.02 

.02 

Due to H* 

9.04 

11.46 

“•73 


963 

12.20 

12.50 

Contraction found 

14.6 

18.6 

19.4 

Difference due to unsaturated 

S-o 

6.4 

6.9 


Carbon dioxide calculated 

from above 



Due to CjH* 


•57 

•72 

•75 


Due to CO 


.04 

.05 

•OS 




.61 

•77 

*. 80 


CO* found 


6.4 

8.4 

8.7 


Difference due to unsaturated 

5.8 

7.6 

8.1 


Unsaturated 


1.98 

2.51 

2.57 


CO2 


5.8 

7.6 

8.1 


Contraction 


5-0 

6.4 

6.9 

Avr, 

CO2/unsaturated 


2.93 

3.02 

3.15 

3-03 

Contraction/unsaturated 

2.52 

2.54 

2.68 

2.58 



Table V 





A 

B 

C 

D 


Unsaturated 

1,76 

2.23 

2.48 

1.85 

Avr, 

CO* 

5*37 

6.60 

7.27 

5.37 


Contraction 

4.3S 

5.68 

6.22 

4.34 


CO*/unsaturated 

3-05 

2.96 

2.93 

2.90 

2.96 

Contraction/unsat. 

2.49 

2.54 

2.51 

2.35 

2.47 

CO*/contraction = 

2.96/2.47 = 

1,197 





If the unsaturated hydrocarbon were propylene the combustion reaction 
aCsH. + 9O,.6CO* + 6 H ,0 

would give the following theoretical rations: ^ volumes of QJg _ 

2 voliunes of C»He 

S volumes contraction 6 volumes of CO* tx • -j x 

- = 2.5,- - — = 1.20. It 18 evident 

2 volumes C»H» S volumes contraction 

from the results that the unsaturated hydrocarbon gives values which check 
the theoretical values for propylene almost exactly. It is very doubtful that 
any of the hydrocarbon was cyclopropane which is the other hydrocarbon 
having the formula C(H«. In the first place the unsaturated hydrocarbon 
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was readily absorbed in bromine water.® In the second place cyclopropane 
readily isomerizes to propylene in the presence of catalysts at the operating 
temperatures used in these researches.^® 

The gaseous products from Run VII were transferred to a bottle over bro¬ 
mine water and bromine was slowly added from a separatory funnel until a bro¬ 
mine color remained. The excess of bromine was removed by sodium sulfite and 
the solution extracted twice with ether which was then dried over calcium 
chloride. The ether was distilled off and the main fraction collected at 137® 
to 144®. The refractive index (Abbe), density and Carius halogen were de¬ 
termined on this fraction. In Table VI these results are compared with the 
known constants of propylene dibromide and i ,3 dibrompropane. 


Table VI 



b.pt. 

No*« 

CI20 

%Br 

Values found 

137-144 

1.511(26°) 

1.893(26°) 

76.6 

CHsCHBrCHjBr 

140 

1.520 

1-933 

79.2 

CHjBrCHjCHsBr 

167 

1523 

1.979 

79.2 


These results establish the fact that propylene was the unsaturated 
product of the hydrogenation. Since propylene was proved to be the unsat¬ 
urated product in the hydrogenation of carbon suboxide it was assumed that 
the small trace of saturated hydrocarbon found was propane. 

A summary of the analysis of the gaseous products for the various runs 
calculated on an air-free and hydrogen-free basis is given in Table VII. 
The air and hydrogen are not reaction products so are left out of the summary. 


Table VII 


Run 

III 

V 

VI 

VII 

X 

XI 

CO2 

49-7 

43-0 

64.9 

56.7 

91.0 

88.6 

CaHe 

44-4 

51 0 

33-7 

39-8 

4.2 

6.1 

CO 


1.1 

0.0 

2.7 

1.6 

1-5 

CbH* 

5-9 

4.9 

1.4 

2.8 

3-2 

3-8 

Total volume of gas 

1820 

568 

1320 

3180 

2j8 

132 

% yield of CsHs 

6.3 

2.5 

4.2 

9.2 

. 2 

. 2 


Nature of the Liquid Products 

The product collected in trap F consisted of a liquid with an odor re¬ 
sembling pyroligneous acid. In addition there was always a red semi-solid 
material suspended in the liquid. The amount of this red material varied 
with the catalyst used. When the nickel catalyst was used a relatively large 
amount of the red material was found in trap F. In fact there was often 
enough present to make the mixture almost semi-solid. On the other hand 
the palladium catalysts gave almost no solid substance. The products col¬ 
lected in trap F during runs I to VI were united for purposes of investigation 

•BVeund: J. prakt. Chem., (2) 26 , 370 (1882). 

‘®Tanatar; Z. physik, Chem., 41 , 735 (1902). 
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since the individual amounts were too small for accurate analysis. The 
entire amount was distilled in a micro-distillation apparatus.^^ Nine ml. of 
liquid having a boiling point of 116® at 738 mm. pressure was obtained. This 
was refractionated into three portions of 2.0 ml., 4.5 ml., and 2.5 ml. The 
middle fraction was used to determine the composition of this liquid. Com¬ 
bustions were made using the semi-micro combustion apparatus of Lauer and 
Dobrovolny .^2 

By combustion .0165 g. of the liquid gave .0239g. of CO2 and .oioyg. of 
H2O. By calculation the percentage of carbon comes out to be 39.6 and the 
percentage of hydrogen, 7.20. In a second determination .oi3g. of the liquid 
gave .oi98g. of CO2 and .oo89g. of H2O. From this the percentage of carbon 
turns out to be 39.7 and the percentage of hydrogen, 7.27. 

The empirical formula CH2O best fits these results as the following com¬ 
parison will show: 



Calculated 

Found 

percentage C 

39-97 

39-7 

percentage H 

6.72 

7.2 

percentage 0 

53-31 

53-1 


The molecular weight of the substance was determined by its depression 
of the freezing point of benzene. .1677 g. of liquid in 17.51 g. of CeHe depressed 
the freezing point .436® which gives 115.2 as the calculated molecular weight. 
.i942g. of the material in 17.51 g. CeHe depressed the freezing point .513® 
or by calculation a molecular weight of 113.7. The average molecular weight 
was therefore determined as 114.5. Thus the compound contains nearly 
four units of CH2() in its composition. Acetic acid has the same percentage 
composition and is known to exist largely as a dimer in benzene. The liquid 
gave acid reactions toward indicators and had an odor of acetic acid. The 
aniline derivative of the material was therefore made and identified as ace¬ 
tanilide by a mixed melting point determination with a pure sample thus 
confirming that the liquid was chiefly acetic acid. By titration with a 
standardized NaOH solution fraction one was found to contain 85.6 
percent of acid, fraction two. 94.8 percent acid, and fraction three 96.8 
percent acid. No attempt was made to identify the traces of other substances 
from these three fractions. Fraction one became light brown in color after 
long standing, while fraction three remained colorless. All fractions con¬ 
tained a trace of material insoluble in water because a faint white cloudiness 
appeared upon dilution with water. The residue from the distillations be¬ 
haved like other samples of polymerized carbon suboxide, so nothing further 
was done with it. 

The liquid product from run VII was distilled and the distillate diluted 
with water. This was then titrated with standard NaOH. Calculation 
showed the amount of acetic acid to be 1.49 g. or a yield of 46.6 percent 
provided a mole of acetic acid was formed for every mole of propylene. 

Cooper and Fasce: Ind. En«. Chem., 20 , 420 (1928). 

“ Lauer and Dobrovolny: MiKrochem. Pr^l Festschr., 243 (1929)* 
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Catalyst Poisoning 

The first attempts to hydrogenate carbon suboxide in this investigation 
were carried out in an all-glass closed system. The gases were circulated 
through the catalyst by a glass magnetic pump and the drop in pressure fol¬ 
lowed as the gases reacted. It was hoped that these experiments would give 
some indication of the mechanism of reaction. In a preliminary experiment, 
using a circulating mixture of gases containing two volumes of hydrogen to 
one of carbon suboxide, there was observed a very slight decrease in pressure 
very soon after the magnetic pump was started. A palladized silica gel 
catalyst was used in this experiment and it was operated at room temperature. 
A sample of this same catalyst was found to be effective in hydrogenating 
ethylene under the same conditions. The palladium catalyst used in this 
closed system hydrogenation of carbon suboxide was found to be no longer 
effective in ethylene hydrogenation. Furthermore the catalyst could not be 
reactivated by customary methods of activation. A copperized gel used in 
an attempted hydrogenation of C3O2 at ordinary temperatures changed from 
a black to a brick red color. Carbon suboxide evidently poisoned the 
catalysts when operating under these conditions. 

Attempted Reduction in Solution 

Many unsaturated substances may be reduced in solution by hydrogen 
in the presence of a platinum oxide catalyst.^® Fifteen grams of carbon 
suboxide was dissolved in anhydrous ether, and .23 g. of platinum oxide 
catalyst added. This mixture was shaken for four and one half hours in an 
atmosphere of hydrogen under pressure. The ether and carbon suboxide were 
allowed to evaporate at room temperature. No evidence of reduction products 
could be detected but there remained a small amount of red solid which acted 
like polymerized carbon suboxide. The water produced by the reduction of 
the platinum oxide catalyst undoubtedly reacted with the carbon suboxide to 
form malonic acid. This aided or catalysed the formation of the polymer.® 
A similar experiment in which 39 g. of liquid carbon suboxide with .25 g. 
of platinum oxide catalyst was shaken for an hour in hydrogen showed no 
pressure change after the initial pressure drop due to the reduction of the 
oxide catalyst. It was therefore concluded that reduction in the liquid state 
and in solution was not possible under the conditions used in these experiments. 

The Mechanism of Reaction 

The formation of propylene is a rather unexpected reaction product since 
a complete reduction of carbon suboxide should give propane. The other 
products formed in the reaction are readily accounted for by secondary reactions 
due to the water formed when the oxygen atoms are eliminated from the 
suboxide. The following equations represent the principal reactions oc¬ 
curring in this hydrogenation: 

^•Voohees and Adams: J. Am. Chem. Soc., 44 > 1397 (1922); Carother and Adams: 
45 , 1071 (1923)- 

* Diels, Beckmann and Tonnies: loc. cit. 
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CaOa + sH 2 C,H« + 2H2O (i) 

C,02 + 2H2O CH2(C00H) (2) 

CH2(C00H)2 CHsCOOH + COa (3a) 

CH2(C00H)2 + n CsOa polymer (3b) 


When the propylene is formed, two molecules of water are produced (equa¬ 
tion i) which then react with another molecule of carbon suboxide to form 
malonic acid (equation 2). The malonic acid may then decompose to form 
acetic acid and carbon dioxide (equation 3a) since this reaction is known to 
take place at temperatures much below those maintained in the catalyst 
chamber.^ This explains the presence of the acetic acid and also the rela¬ 
tively large amounts of carbon dioxide in the gaseous products of the reaction. 
A simultaneous reaction occurs in the formation of a pol3ntner (equation 3b) 
which is caused by the presence of malonic acid (or possibly the water itself)® 
These reactions (3 a and 3 b) are influenced greatly by the character of the 
catalyst, since the nickel catalyst gave the most polymer while the palladium 
catalyst acted to produce very little polymer and more acetic* acid. 

In all of the simple reactions of carbon suboxide both ends of the molecule 
behave similarly, as in the case of the addition of water, a carboxyl group 
forms at each end of the molecule. In this hydrogenation the carbonyl group 
at the ends were attacked and the oxygen eliminated in the form of water. 
The hydrogenation of the unsaturated carbon-carbon linkages then continued 
producing propylene as the principal product. Nickel and palladium 
catalysts are known to be effective in the removal of the oxygen from carbon 
dioxide and carbon monoxide and in these cases a saturated hydrocarbon 
results. Since carbon suboxide was shown to be a very active poison for the 
hydrogenation of ethylene it should also poison the catalyst for the hydro¬ 
genation of propylene which explains the relatively small amount of saturated 
hydrocarbon formed. The very small conversion obtained when using an 
empty catalyst chamber or one filled with crushed pyrex indicates that the 
reaction is a catalytic one. 

Summary 

1. Carbon suboxide has been cataJytically hydrogenated by passing a 
mixture of the suboxide and hydrogen over nickel or palladium coated sil¬ 
ica gels. 

2. Propylene was found to be the principal reduction product. 

3. Secondary reactions account for the formation of acetic acid, carbon 
dioxide, and the polymer. 

4. Carbon suboxide is a catalyst poison for hydrogen-ethylene reaction. 

5. An improved apparatus for the preparation of carbon suboxide gives 
consistently higher yields than previously reported. 

Sckod of Chemistry^ 

University of Minnesota, 

Minneapolis, Minn, 


Lindner: Monatsheft, 28 , 1041 (1907). 
* Diels, Beckmann and Tonnies: loc. cit. 



THE COLLOID CHEMISTRY OF THE NERVOUS SYSTEMS. IP 


BY WILDER D. BANCROFT AND J. E. RDTZLER, JR,** 

The etiology of many of the diseases of the nervous systems from the point 
of view of the mechanism involved is not thoroughly understood; for that 
reason classification has been hindered, and in many cases is based purely on 
symptomatology. Still more obscure is the mechanism of the action of drugs 
in relieving the symptoms of many of the disorders of the nervous systems; 
often all that is known is that a given drug will relieve the disorder. Of course 
such things as dosage and toxicity are well established. For that reason the 
classification of drugs into groups according to what they do inside the body 
when used in therapeutic doses is sometimes lacking. When one does not 
know what a drug actually does, it can only be classified by the symptoms of 
relief to which it may give rise. Quite obviously one would get into difficulties 
if he classified sodium bromide as a hypnotic because it helps put people to 
sleep. It is a peptizing agent, whereas the true hypnotics are agglomerating 
agents. Often a drug does not find its way into a group because clinically 
its biological side reactions prevent its use. For instance, iodism would 
probably intervene before one could find out that sodium iodide helps a 
certain type of catatonic excitement. Claude Bernard's theory of anesthesia 
enables us to classify anesthetics and narcotics under one head as agglomerat¬ 
ing agents for the protein colloids of the nervous systems. As a consequence 
of the development of that theory in these laboratories' it is now quite clear 
that the alkali salts of hydrochloric, hydrobromic, and hydriodic acids, along 
with thiocyanic acid, and the organic compound ephedrine can be grouped 
under the heading of drugs that act largely by virtue of being peptizing agents. 

The objects of this paper are three in number: first to show that such a 
classification as that above can in fact be realized; secondly to present new 
data on the action of sodium thiocyanate; and lastly to show that ephedrine 
can and does in some cases act as a peptizing agent in certain ills of the animal 
organism. By way of simplification, only the effects of these compounds that 
are obviously directly connected with the peptization of the protein colloids 
of the nervous systems will be considered. Then we will be able to see to 
what extent the main action of the compounds dealt with can be accounted for 
in the simplest manner. The German for thiocyanate is rhodanate. So, in 
this and future papers of this series sodium thiocyanate will be referred to as 
sodium rhodanate, and thiocyanic acid as rhodanic acid. The reason for 

* This work is done under the programme now being carried out at Cornell University 
and supported in part by a grant from the Heckscher Inundation for the Advancement of 
Research established by August Heckscher at Cornell University. 

**EU Lilly FeUow. 

^Bancroft and Richter: J. Phys. Chem., 35 , 215; Bancroft and Rutzler: 1185 (1931)« 
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adopting this nomenclature is that outside of the chemistry profession one 
often finds that sodium thiocyanate is confused with either sodium cyanide, 
or with sodium thiosulphate. 

The part that the lyotropic series plays in this study can not be too strongly 
emphasized for it looms large as a co-ordinating factor.^ For egg globulin 
the series of anions is apparently rhodanate > iodide > bromide > chlorate 
> nitrate > chloride > acetate > sulphate > tartrate > citrate. In alkaline 
solution the rhodanate ion peptizes globulin the most, and the citrate ion the 
least. This series apparently holds for proteins in general, with the exception 
of gelatin where the water equilibrium is the important thing; even in this 
case the series is substantially the same as that for globulin. The accompany¬ 
ing series for the cations appears to be thorium > aluminum > hydrogen > 
barium > strontium > calcium > potassium > sodium > lithium. In this 
case the thorium ion precipitates negatively charged albumin the most, and 
the lithium ion the least. However, the really important thing is that the 
rhodanate, iodide, bromide, and chloride ions are good peptizing ions, while 
the sulphate, citrate, and tartrate ions are the poorest in that respect; they 
may even tend to agglomerate an albumin or globulin sol. 

Since adsorption is specific, all substrates do not show the same order 
of adsorption for the different ions; so one might expect that in biological 
systems the lyotropic series as given for globulin will not hold rigidly. One 
gains the impression, however, that the three ions that are the best peptizing 
agents assume their place at the head of the lyotropic series for the protein 
colloids, the reversible agglomeration of which results in the malfunction of 
the nervous systems. That does not preclude in any way a situation in which 
these ions shift around among themselves. 

1. Agglomeration-Peptization Phenomena 

Upon going even superficially through the literature, or reading a good 
book on pharmacology or therapeutics, it becomes evident at once that quali¬ 
tatively many of the actions of the chloride, bromide, iodide, and rhodanate 
ions are the same. Quantitatively there are great differences between the 
actions of these ions due to the varying degree to which they are adsorbed on 
the different protein substrates. Consider, for instance, the data- collated in 
Table I. 


Table I 


Compound 

Average Dose 
Weight 

Molecular 

Weight 

Average Dose/Molecular 
Weight = Molecular Dose 

NaCl 

2.3 gms. 

58.5 

0.039 gm. 

NaBr 

2.3 gms. 

102.9 

0.0223 gm. 

Nal 

I.IS gms. 

149.9 

0.0076 gm. 

NaCNS 

0.14 gm. 

81.1 

0.0017 gm. 


^For more complete discussions of lyotropic series see Bancroft: “Applied Colloid 
Chemistry,” 287-293 (1926); Gortner: “Outlines of Biochemistry,” 201, 205 ( 19 ^ 5)1 Bech- 
hold: “Colloids in Biology and Medicine,” 151-153 (1919). 

* “Merckxs Index” (1930). 
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The average dose varies almost in the order that these salts are found in the 
lyotropic series, but from this point of view the important thing for the mo¬ 
ment is the number of gram molecules of the given salt that are administered 
to secure the desired effect. The ^'molecular dose” gives us these data. When 
arranged in descending order, as in the table, we have: chloride >bromide > 
iodide > rhodanate, the sodium ion being common to all of them. The mean¬ 
ing of this in all probability is to be found in the precepts of colloid chemistry. 
Quite obviously it takes less sodium rhodanate than it does iodide, and so on, 
to accomplish the desired result. Since the rhodanate ion is generally more 
strongly adsorbed by proteins than are the other ions, simply reversing the 
series, thus arranging the ions in the order of the degree to which they are 
adsorbed from most to least, gives us the well known lyotropic series: CNS > 
I> Br >C 1 . The chlorate and nitrate ions may precede the chloride ion in 
the series but their side effects eliminate them from this consideration. That 
all of this is merely philosophical speculation seems highly improbable in 
view of the fact that all of these compounds are used to combat disturbances 
of the nervous systems arising from a degradation in the degree of dispersion 
of the protein colloids, as will become apparent. While the sodium ion is 
common to all of the compounds listed in Table I, and will, as the colloid 
chemist knows, exert practically a constant effect, sight must not be lost of 
the fact that as the tartrate and citrate end of the lyotropic series is ap¬ 
proached the coagulating effect of the positive sodium ion on a negatively 
charged protein sol becomes more pronounced. 

Although there are several ways of fixing the average doses of the com¬ 
pounds in Table I from Merck’s Index, the general result represented there is 
characteristic of each of them. So, for certain disturbances of the nervous 
systems which involve a decrease in the degree of dispersion of the protein 
colloids, sodium rhodanate is the most efficacious compound of the four, and 
the others fall into line as indicated. This should emphasize the important 
part that the lyotropic series plays in living biological systems. 

Gurdjian' investigated an interesting case of reversible agglomeration 
in the brain. The exposed floor of the fourth ventricle, the respiratory center, 
was heated to 75®; this resulted in the arrest of respiration. When the tem¬ 
perature came back to normal the respiration recommenced. It was found 
that strong salt solutions increased the respiratory rhythm. It is well known 
that many proteins are coagulated by heat. According to Mathews,^ ^‘the 
nervous tissues of frogs contain a globulin which coagulates at a very low 
temperature, 35®, and in the brains of mammals a globulin is present, Halli¬ 
burton says, which is coagulated at about 42®. It is possible that the coagula¬ 
tion of this protein may be important in the pathology of heat stroke.” 
Whether or not the temperatures of coagulation as stated are correct makes 
little difference, since in the experiment cited above the temperature was 75®. 

^ Am. J. Physiol., 82 , 261 (1927). 

* “Physiological Chemistry,” 582 (1915). 



COLLOID CHEMISTRY OF THE NERYOtJS SYSTEMS 


3039 


It seems natural that a solution of sodium chloride should help to repeptize 
the heat*agglomerated proteins of the floor of the brain. 

In a previous discussion^ the postulation was made that the agglomeration 
of the protein colloids of the respiratory center results in a lowering of the 
rate of respiration. This idea had its birth by reason of the fact that both 
morphine and ^^amytal” lower the rate of respiration under certain conditions, 
while sodium rhodanate increases the rate. The work of Gurdjian seems to 
substantiate this view. Further data along the same line are given in this 
paper. 

Mercuric chloride is a good coagulating agent for protein sols; its action 
in the body is in all probability qualitatively the same. Carder and Coffin- 
daffer reasoned® that the chloride ion should replace the mercuric ion if both 
were adsorbed by the proteins in the body. Thereupon they gave a fatal 
dose of mercuric chloride to 38 dogs; fifteen of the dogs received no treatment 
and, as a result, they died in from one to six days. The rest of the dogs were 
given injections of 0.8% sodium chloride solution daily until they either re¬ 
covered or died. One month was the time limit allowed. Nineteen of the 23 
dogs that were treated lived. Thus we have another case of the replacement 
of one substance by another, the mercuric ion by the chloride ion, with the 
resulting peptization of the agglomerated protein colloids. 

Comparatively weakly adsorbed though it must be, sodium chloride has 
been shown to have an antagonistic effect toward strychnine.® When sodium 
chloride was injected subcutaneously into animals following a poisonous dose 
of strychnine, and at the same point at which the strychnine was introduced, 
the animal did not die. Thus, even a weakly adsorbed anion apparently 
antagonizes strychnine. 

We have seen^ that sodium rhodanate protects rabbits from a weak 
anaphylactic shock. On the basis of its position in the lyotropic series, one 
would expect that regardless of what the theory may be, sodium chloride 
ought to have anti-anaphylactic properties, though they should be quite a bit 
less pronounced. Langer® found this to be the case. He sensitized guinea 
pigs with sheep serum; this was followed by numerous two to four cc. doses 
of a 10% solution of sodium chloride, administered per os. When, 15 days 
after the sensitizing dose of sheep serum, the animals were again injected with 
the antigen they suffered an anaphylactic reaction. The reaction was definitely 
less severe than that experienced by animals that were not protected by the 
sodium chloride. Entirely analogous is the action of sodium chloride in pre¬ 
venting shock from proteotoxin.® The isolated uterus failed to react to 
proteotoxin after bathing it in a hypertonic solution of the salt. This ex¬ 
periment was then performed in vivo. It was found that, when a concentrated 

^ Bancroft and Rutzler: J. Phys. Chem., 35 , 1185 (1931). 

* J. Am. Med. Assoc., 81 , 448 (1923). 

* Campo; Physiol. Abs., 12, 308. 

< Bancroft and Rutzler: J. Phys. Chem., 35 , 1185 (1931). 

* Miinch. med. Wochenschr., 59 , 2554 (1913)- 

* Zinsser, Lieb, and Dwyer: Proc. Soc. Exp. Biol. Med., 12 , 204 (1915)- 
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solution of sodium chloride was injected, protection against the action of 
proteotoxin was estabUshed. In these cases sodium chloride quite definitely 
appears to prevent reversible agglomeration of the protein colloids of the 
sympathetic nervous system. Sodium chloride undoubtedly would reverse 
the action of proteotoxin were it used quickly and heroically enough after the 
first appearance of the symptoms of shock. 

2. The Bromide Ion 

The reversible agglomeration theory of the cause of certain disorders of 
the nervous systems, and the action of certain compounds in peptizing the 
agglomerated protein sols existing in the body during those disorders, demands 
that the bromide ion be a more powerful peptizing agent than the chloride 
ion is. It should be a more efficient peptizing agent into the bargain. Given in 
large enough doses^ and frequently enough, potassium bromide brings about 
the symptoms of bromism. These symptoms are: muscular weakness, general 
mental and bodily sluggishness, loss of memory, often marked sleepiness, 
depression of spirits deepening into complete apathy, lowering of temperature, 
and finally an universal depression of function. “It seems to be proved that 
the bromide affects the whole nervous system, but in the lower animals the 
portions most susceptible are those tissues of the spinal cord whose function 
it is to receive the impulse from without, and the peripheral ends of the 
afferent or sensitive nerves. ... It is chiefly valuable as a means of quieting 
non-inflammatory excitement of the reflex centers of the cord, of the peripheral 
afferent nerves, of the genital function, and of the cerebrum. It is especially 
valuable in epilepsy, ... In tetanus and strychnine poisoning^ if given with 
sufficient boldness, it is an excellent remedy.^^ In reflex vomiting of certain 
types, and in delirium tremens potassium bromide may often be used to 
advantage. 

It has been pointed out that for those cases with which we are concerned, 
it is much better to use the sodium salt of a given acid than the potassium 
salt, due to the toxicity of the potassium ion.^ The following experiments 
illustrate the fact rather strikingly. A 2500-gram rabbit was given an 
intravenous injection of five cc. of a 20% solution of sodium rhodanate. 
During a period of 15 minutes nothing untoward happened to the animal, and 
further experimentation was carried out upon it. An intravenous injection 
of a 20% solution of potassium chloride into a rabbit weighing 2200 grams 
resulted in death with violent convulsions before more than three cc. of the 
solution could be administered. In each case the time required for the in¬ 
jection was about 40 seconds. This experiment leaves little doubt as to the 
comparative toxicity of the sodium and potassium ions. When one is not 
using large enough doses of a salt so that the potassium ion can demonstrate 
its toxic action, the fact that the potassium ion is nevertheless toxic and often 
working against the other ion is apt to be overlooked. So, the results upon 

1 *qjnited States Dispensatory/^ 988 (1907). 

* Bancroft and Rutzler: J. Phys. Chem., 35 , 1185 (1931). 
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which the report in the United States Dispensatory on the action of potassium 
bromide is based would very likely be more striking were they obtained by 
using sodium bromide. Even the sodium ion is somewhat toxic, for sea¬ 
water fish are killed by isotonic solutions of sodium chloride, but are able to 
live in distilled water.^ 

If the mechanism of the therapeutic action of the bromide ion upon the 
central nervous system is the peptization of reversibly agglomerated protein 
colloids, then it follows that the compound or the ion must find its way into 
these colloids. A man died 26 days after the ingestion of ten grams of sodium 
bromide. Analysis^ for the bromide ion revealed the following amounts: 
liver, 0.037 gram; brain, 0.019 gram; kidneys, 0.037 gram; blood, 0.045 gram. 
Another person died after having taken 100 grams of sodium bromide in less 
than two days. In this case analysis revealed^ that the greatest amounts of 
bromide were in the cerebral cortex, the lungs, and the kidneys, in which 
organs it varied from 0.3 to o.5%. The gray matter of the cerebrum contained 
twice as much bromide as the white matter, the basal ganglions, or the 
cerebellum. This shows that the bromide ion can get into the brain, where it 
will peptize the protein colloids; so we are not postulating that this halide ion 
is acting upon a substrate that is inaccessible to it. 

Wile^ reports that the bromide ion displaces the chloride ion in the body, 
for the ingestion of bromides leads to the rapid elimination of chlorides and a 
consequent deficiency of the latter ion. This is exactly what one would 
expect, upon taking into account the fact that the bromide ion is more strongly 
adsorbed by protein sols than the chloride ion. Bemouilli’^ understood such a 
situation as this, for he maintains that the theory of chloride poverty is in¬ 
sufficient to explain the action of alkali bromides. Salts of hydrobromic acid 
cause a change in the colloidal material of the central nervous system; the 
bromide ions which take the place of the chloride ions alter the state of 
aggregation of the cell colloids, probably in the direction of greater swelling, 
and thus produce a functional change in the nerve cells, according to Ber- 
nouilli. Making good use of his knowledge, he injected sulphates and nitrates, 
with beneficial results, to relieve animals of bromide poisoning.® Such an 
action is exactly what one would expect from the relative positions in the 
lyotropic series of the three ions concerned. 

There are many interesting uses for the bromides of sodium and potassium,^ 
i.e., epilepsy, nervous insomnia, delirium tremens, tetanus, iodoform poison¬ 
ing, strychnine poisoning, morphinism, hysteria, cerebral depressant, nerve 
sedative, etc. Bancroft and Richter® have discussed the action of bromides 

‘ McGuigan: Textbook of Pharmacology and Therapeutics,” 83 (1928). 

* Autentrieth: MUnch. med. Wochenschr., C 5 , 33 (1918); Physiol. Abs., 3 , 269 (1918). 

> Vil6n: J. Am. Med. Assoc., 87 , 2136. 

* J. Am. Med. Assoc., 89 , 340 (1927). 

* Archiv exp. Path. Pharm., 73 , 355 (1914). 

* Bechhold: ^Colloids in Biology and Mefficine,” 381 (1919). 

^ “Merckxs Index,” 408, 4^ (1930); Hatcher and Eggleston: ‘Useful Drugs” (1926); 
MacLeod: Brit. Med. J., 1897 ^ 76; 1899 , April 15; 1900 , Jan. 20. 

* J. Phys. Chem., 35 , 1611, 1619 (1931). 
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in iodoform poisoning and epilepsy, indicating that an agglomerated condition 
of the brain and nerve colloids obtains in these two conditions; sodium bromide 
then acts to repeptize the affected colloids. In this connection it is interest¬ 
ing to note that Schiff^ produced epileptic convulsions in dogs by passing an 
alternating current through the eyes. He then treated the animals, with daily 
doses of potassium bromide; it required larger amounts of electrical energy to 
produce the convulsions in the pretreated animals. This result would be 
easy to predict with the reversible agglomeration theory as a background. 

The case of nervous insomnia requires attention because it brings up the 
question of the apparently paradoxical action of sodium bromide in hastening 
anesthesia in some cases. Nervous insomnia in all probability involves the 
condition of stimulation associated with a very slight agglomeration of the 
protein colloids of certain of the sensory nerves. The administration of sodium 
bromide would then quiet the patient by virtue of its peptizing action on 
those colloids; we have already seen that sodium bromide affects the peripheral 
nerves. Since sleep, in all probability, is intimately concerned with the 
agglomeration of certain protein colloids in the brain,^ sodium bromide can 
not act directly in producing this condition. Sodium bromide, then, aids the 
onset of sleep by its quieting effect upon slightly stimulated sensory nerves. 
By the same mechanism it would tend to hurry the unconsciousness produced 
by an anesthetic, which certainly appears to be due to protein agglomeration. 
That anesthetics and sodium bromide do not act the same way in inducing 
sleep or anesthesia is also indicated, indirectly, by the data of Uchida."* He 
showed that narcosis induced by means of ether, chloroform, and morphine 
decreased the glycogen in the brain 53, 43, and 38% respectively; whereas 
continued treatment with sodium bromide produced only a slight variation 
in the amount of glycogen in the brain. Were sodium bromide acting in the 
same direction as the anesthetics it should produce more of a change in the 
brain glycogen. The idea^ that the role of glucose in the body is to maintain 
the normal state of dispersion of the colloids may be of significance in this 
connection. 

Delirium tremens generally comes on as a result of the continued and ex¬ 
cessive use of alcohol, which is known to be an agglomerating agent. That 
sodium bromide, a peptizing agent, should be of use in the treatment of this 
condition seems quite obvious. Tetanus has been shown to be associated with 
coagulation® which makes clear the reason why sodium bromide is of use. 
Strychnine poisoning and morphinism were likewise considered to be attended 
by reversible agglomeration. Dutton® says that if the case of tetanus should 
require energetic treatment, sodium or potassium bromide may be injected 

^ Z. ges. exptl. Med., 28 , 127 (1922); Chem. Abs., 17 , 416 (1923). 

• Bancroft and Richter: Proc. Nat. Acad. Sci., 17 , 295 (1931). 

‘Biochem. Z., 167 , 9 (1926). 

^ Nechkovitch: Archiv intern. Physiol., 28 , 285 (1927). 

• Bancroft and Rutzler: J. Phys. Chem., 35 , 1185 (1931). 

• ^intravenous Therapy,*' 501 (1926). 



COLLOID CHEMISTRY OF THE NERVOUS SYSTEMS 


3043 


intravenously. Campo,^ and Danielewsky and Perichanjanz^ realize that 
the bromide ion is antagonistic to strychnine; while Kremers^ belies the state¬ 
ment that strychnine sulphate and potassium bromide in water solution are 
incompatible because of the precipitation of strychnine bromide. 

The susceptibility of pigeons to convulsions induced by picrotoxin has 
been materially reduced^ by feeding small quantities of sodium bromide over 
long periods of time. Here again we are dealing in all probabiUty with the 
phenomenon of reversible agglomeration. 

Dutton^ lists the sjrmptoms of hypertension of the brain as being: head¬ 
ache, a feeling of fullness in the head,vertigo, disturbances of the special senses, 
blunted intellect, the sense of painful thought, irritable temper, inability to 
concentrate the mind, and hallucinations. Unconsciousness may result from 
sudden attacks. Active hypertension may result from increased cardiac 
action, mental excitement, acute alcoholism, sunstroke, surcharge of irritants 
or toxins in the blood, etc. When the symptoms are brought about by acute 
alcoholism, sunstroke, or toxins, they are doubtless associated with the 
agglomeration of certain protein colloids. So, we find that Dutton states 
that bromides may be administered. Dr. Norman S. Moore of Ithaca has 
kindly given us® two useful bits of information concerning hypertension. The 
first is that in hypertension there may be traumatic effects in the brain; sec¬ 
ondly, in a series of cases in which he has employed sodium rhodanate for the 
treatment of hypertension, the symptoms were relieved, but the blood pressure 
was not materially lowered. Mechanical agglomeration of protein sols is a 
recognized phenomenon,^ and in some cases it may result from traumatism. 
The effect of sodium rhodanate in Dr. Moore^s cases appears to the authors 
to be due to the peptization of certain traumatically agglomerated colloids of 
the brain. This gives us a further reason why bromides should be helpful in 
hypertension of the brain. Of course, sodium rhodanate should be quite a 
bit more effective, for it is a much better peptizing agent. 

Dutton® says that intravenous injections of five to ten cc. of five or ten 
percent sodium bromide solution in physiological salt solution have been re¬ 
ported to relieve eczema of a nervous origin. Here again reversible agglomera¬ 
tion probably plays an important part, almost certainly in the nervous condi¬ 
tion, and perhaps in the eczema itself. A later paper in this series will clear 
up this latter condition to some extent. 

Yanushke and Masslov* performing acute experiments, showed that the 
calcium ion has no effect in relieving the action of convulsive poisons such as 

1 Physiol. Abs., 12, 308. 

»Archiv exptl. Path. Pharm., 105 , 319 (1925). 

» J. Am. Pharm. Assoc., 16 , 840 (1927). 

^ Meyer-Nobel: Archiv. exptl. Path. Pharm., 130 , 365 (1928). 

* ^‘Intravenous Therapy,” 262 (19^6). 

* Private communication. 

^ Heilbrunn: “Colloid Chemistry of Protoplasm”; Marinesco: Kolloid-Z., 11 , 207 (1912); 
IIP Congr^s intemationale de Neurologic et de Psychiatrie, Gand, 20-26 (1913)* 

* “Intravenous Therapy,” 289 (1926), 

»Z. exptl. Med., 4 , 149 (1915); Chem. Abs., 9 , 658 (i9i5)« 
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cocaine, strychnine, and physostigmine. Considering that, at one time or 
another, cocaine and strychnine have been classed among those things that 
act by virtue of the reversible agglomeration of protein colloids, one would 
naturally predict that the calcium ion, which is an agglomerating agent for 
many protein sols, would not antagonize these compounds. They found, 
however, that the bromide ion has an antagonistic effect toward cocaine, 
strychnine, and physostigmine; this is, of course, exactly what one would 
expect. 

In a recent paper the authors^ called attention to the fact that sodium 
rhodanate stimulates the respiratory center of animals that are under the 
influence of ^^amytaF^ and morphine. Macht and Hooker^ add the next three 
members of the lyotropic series, omitting the chlorate ion, when they conclude 
that the iodide, bromide, and nitrate ions all exert a stimulating effect on 
the respiratory center. They point out that this is of interest from the point 
of view of therapeutics, for the iodides and bromides are employed extensively 
in pathological respiratory conditions. 

The asphyxial form of sunstroke probably should be classified as an in¬ 
direct narcotic. Sodium or potassium bromide may be used® to relieve the 
delirium which may accompany this form of sunstroke. On page 182, Dutton 
says that one of the remedies for cerebral toxemia as a late-appearing result 
of arsenical (arsenicals are agglomerating agents) administration is sodium 
bromide. On page 221 we find: ‘‘Sleeplessness and delirium (in chronic 
alcoholism) are combatted by sodium bromide (30 grains) alone, or in com¬ 
bination with paraldehyde, 2 to 4 drams. Opiates in any form should be 
avoided.’’ From our point of view the action of the paraldehyde is opposite 
to that of sodium bromide. It is most significant that Dutton says that 
opiates in any form should be avoided, for were they used it would amount to 
adding the agglomeration action of the opiate to that of the one that originally 
caused the disorder. 

It is interesting to note that the symptoms of acute bromide poisoning,^ 
mild collapse, impaired speech, stupor, and paralytic phenomena, bear a 
certain resemblance to catatonic stupor, which has been classed® as insanity 
due to the over-peptization of certain of the protein colloids of the brain. 

Needless to state, these data on the action of the bromide ion in combatting 
a variety of nervous disorders class it as a drug which acts largely by peptizing 
reversibly agglomerated colloids. 

3. The Iodide Ion 

Asthma, arteriosclerosis, aneurisms, dyspnea, lead poisoning, and neuralgia 
are a few of the conditions that the alkali iodides may relieve.® McGuigan 

^ Bancroft and Rutzler: J. Phys. Chem., 35 , 1185 (1931). 

* J. Pharmacol., H, 63 (1918). 

* Dutton: ^Intravenous Therapy,”^477 (1926). 

* SoUmann: '"A Manuel of Pharmacology,” 689 (1917). 

® Bancroft and Richter: PToc. Nat. Acad. Sci., 17 , 294 (1931). 

•^‘Merck’s Index,” 414 (1930): McGuigan: "A Textbook of Pharmacology and 
Therapeutics,” 92 (1928). 
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says: ^‘No benefit is to be expected frc«n the iodides in degenerative conditions 
of the central nervous system such as locomotor ataxia except possibly in the 
earlier stages of the disorder. It may stop the progress of the disease, but it 
cannot repair the damage done to the nervous tissue.” According to this 
author the alkali iodides are perhaps the standard remedy in the treatment of 
asthma, which is often a protein disturbance. Loewy^ and Geyer^ obtained 
very good results in treating asthma by the intravenous administration of 
sodium iodide. This falls in line with the fact that sodium rhodanate, a better 
peptizing agent, prevents mild anaphylactic shock. 

Kehoe® has made some interesting observations concerning the use of 
iodides and rhodanates in heavy metal poisoning. He says that the rhodanates 
and iodides are more effective than the corresponding chlorides in reversing 
the coagulation of gelatin which is caused by heavy metal salts. Also, as one 
would expect, the rhodanate ion and the iodide can entirely prevent the 
coagulation by heavy metals. Kehoe says that the administration of alkalies 
and iodides or rhodanates may be of clinical value in lead and mercury poison¬ 
ing, their action being to peptize certain of the body proteins that have be¬ 
come agglomerated as a result of the action of the heavy metal ions. He thus 
takes a significant step in the right direction. There seems to be some feeling 
that the alkali iodides react with the lead or mercury present in the body in 
cases of poisoning by these metals. That is not good chemistry and there is 
the statement in the literature of pharmacology that there is no evidence that 
iodides can react chemically with lead compounds as they are found in the 
tissues.^ 

Neuritis, which is an inflammatory condition of a nerve, has been com¬ 
batted^ successfully by using two to eight grams of sodium iodide, admin¬ 
istered by intravenous injection. In this connection the junior author had an 
interesting experience. For three days previous to taking several one-gram 
doses of sodium rhodanate there was a slight neuritis in the right arm at the 
elbow. After taking two grams of sodium rhodanato in two days the neuritis 
disappeared and did not return. One can not be sure that the sodium rhodan¬ 
ate was responsible for the disappearance of the neuritis because there was no 
control experiment. 

The symptoms of cerebrospinal meningitis, when the meninges of the brain 
are involved, are: delirium, stupor, semi-consciousness, etc. Sometimes the 
disease yields to treatment with potassium iodide and urea hydrochloride.® 
This seems to fall into line with the reversible agglomeration theory. 

Campo^ noted that sodium iodide, if injected soon enough, will prevent 
animals from death from strychnine poisoning. Also very important, but 

^ Am. J. Clin. Med., 28 , 305 (1921). 

* Am. J. Clin. Med., 27 , 316 (1920). 

’ J. Lab. Clin. Med., 5 , 443 (1920). 

* Scremin: Archiv exptl. Path. Pharm., 99 , 96 (1923). 

* Stark: Neb. State Med. J., Norfolk, 9 , i (1924). 

® Dutton: ‘Intravenous Therapy,'* 275 (1926). 

^ Physiol. Abs., 12, 308. 
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quite to be expected, is the observation^ that sodium iodide has an antagonistic 
action to that of morphine. 

Certain allergic phenomena fall nicely into line,^ for the intradermal re¬ 
action to tuberculin on guinea pigs disappeared when the animals were given 
daily injections of one cc. of a 5% solution of potassium iodide. Unfortunately 
the antagonism was not lasting, for, a week after the injections were stopped, 
the allergic reaction reappeared and was as strong as it was in the beginning. 
Jumping from the skin to the heart, perfusion experiments on frogs® showed 
that the heart functions better with iodide and rhodanate mixtures than in 
Ringer’s solution. Then, going to the other end of the lyotropic series, 
Handovsky showed that with mixtures of sulphates the heart acts very slug¬ 
gishly, or not at all. The sulphates would tend to act as agglomerating agents, 
of course. 

The lyotropic series plays a role in the contractions of surviving arterial 
strips,^ for the rhodanate, iodide, and nitrate ions cause contraction, while 
the acetate, citrate, and tartrate ions cause extension. 

The importance of avoiding the use of the potassium ion, when desirous 
of utilizing the peptizing action of a given anion, is shown admirably by the 
work of Macht.® Using Locke’s solution, modified to contain iodides, and 
working on isolated organs, it was found that the potassium ion relaxed blood 
vessels and caused pronounced depression of the heart, while the sodium ion 
stimulated both slightly. The iodide ion was found to be a powerful stimulant 
for isolated organs; but in intact animals the stimulating effect of this ion was 
greatly inhibited by what Macht believed to be chemical combination between 
it and the blood proteins. What he was really dealing with is adsorption. 
Sodium iodide did not have a depressing effect, because both the sodium ion 
and the iodide ion are vasoconstrictors and cardiac stimulants. Potassium 
iodide exhibited the depressing effect of the potassium ion to a marked degree. 

There is quite a bit of evidence that the iodide ion within the body is 
likely to become situated in disturbed areas. McGuigan® says: “After in¬ 
gestion iodides may be found in any of the tissues but are more abundant in 
necrotic tissue such as tuberculous, syphilitic, and necrotic areas.” Potassium 
iodide makes its way into the cerebrospinal fluid of a normal man^ shortly 
after intravenous injection; further, it seems possible that neuro-syphilitic 
tissue takes up greater quantites of the iodide ion than normal nervous tissue. 
Carcinoma metastases contained measurable quantities of potassium iodide® 
five and one-half hours after a subcutaneous injection. The interesting thing 

^ Githens and Meltzer; Proc. Soc. Exp. Biol. Med., 10, 128 (1914). 

* Duprez: Compt. rend soc. bioL, 89 , 421 (1923). 

^Handovsky: Archiv exptl. Path. Pharm., 97 , 171 (1923). 

^Ellinger: Archiv ges. Physiol. (Pfliiger's), 211, 548 (1926). 

^ Bull. Johns HopUns Hosp., 25 , 278 (1914). 

• Textbook of Pharmacology and Therapeutics,’* 92 (1928). 

^Achard and Ribot: Compt. rend. soc. bioL, 66, 916 (1910); Osborne: J. Am. Med 
Assoc., 79 , 615 (1922)- 

‘vonden Velden: Chem. Abs., 7 , 139 (1913), 
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here is that the organs in which these metastases lay contained no potassium 
iodide. When dogs are treated^ with potassium iodide the rate of autolysis 
of the organs, after death, was greater than in the case of normal dogs. The 
peptizing action of the iodide ion will account in a large measure for this 
difference. 

The specific effect of the iodide ion upon the thyroid gland probably ac¬ 
counts for its lack of usefulness in combatting conditions where long-continued 
administration is indicated. The result is that the clinician loses a good pep¬ 
tizing agent. Enough work has been done with the alkali iodides to show that 
it acts in a manner similar to the corresponding bromides and rhodanates, as 
it should because of the place that it occupies in the lyotropic series. 

4. The Rhodanate Ion 

In discussing the rhodanates SoUmann^ says: ‘‘These produce actions re¬ 
sembling the iodides; but their use has not become popular. They are not 
dissociated into cyanides, and are relatively non-toxic. Their normal occur¬ 
rence in the saliva is interesting, but without practical significance. 

“NaSCN influences the aggregation of colloids in the same way as the 
iodide ion, being even somewhat more solvent [a better peptizing agent]. 
This analogy suggested a therapeutic trial. In the limited number of cases in 
which it has been tested it was found to affect neuroses, arteriosclerosis, and 
syphilis in a manner analogous to the iodides, being even somewhat stronger. 
It also hastened the elimination of metals—perhaps by rendering the metal- 
protein compounds more soluble [in the light of modem colloid chemistry 
this means that the adsorbed metal ions are displaced to a greater or lesser 
extent by the strongly adsorbed rhodanate ion with the resultant increase in 
the degree of dispersion of the affected protein]. It resembles the iodides 
further in producing coryza, acne, and other symptoms of iodism. Nerking, 
1913, reports many disagreeable effects especially in gastric hyperacidity 
[under which conditions the rhodanate ion probably becomes, in the stomach 
and upper parts of the alimentary tract, as good a coagulating agent as it is a 
peptizing agent in a more alkaline solution]. A conspicuous difference from 
iodides lies in the fact that it does not act on the thyroid gland. 

“The earlier authors (Claude Bernard, etc.) considered the rhodanates as 
relatively non-toxic; and, as mentioned, they have been used therapeutically 
in gram doses. F. Franz confirms that no cyanide is split off in the animal 
organism. Intravenously, very large doses, o.o8 gm. per kilogram, produce 
no toxic symptoms. Even 0.36 gm, per kg. intravenously, produces prac¬ 
tically no effect on the circulation or respiration or bile and urine flow. Lod- 
holz described toxic effects from KSCN, which must have been due either to 
the potassium or to impurities.'^ 


^ Stookey; Proc. Soc. Exp. Biol. Med., 5 , 119 (1908). 
* “A Manual of Pharmacology,'' 706 (1917). 
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As a matter of medical and pharmacological record sodium and potassium 
rhodanate may be used in the following conditions:^ arteriosclerosis, urinary 
gravel, lancinating pains in the tabes, stubborn migraine, sympathetic 
neuroses, to reduce blood pressure in chronic nephritis and in aortic in¬ 
sufficiency, spasmodic cough, catarrh, dyspnea, and mania. It is evident, 
especially in the light of the previous papers on the subjects from these labora¬ 
tories which have been cited several times, that many of these conditions are 
associated with reversibly agglomerated proteins of the nervous systems. 
That being the case, and barring other complications we now know that it is 
perfectly natural that sodium rhodanate should be used, particularly in 
stubborn migraine, sympathetic neuroses, spasmodic cough, dyspnea, and 
mania. 

Apart from the toxic psychoses mentioned by Borg^ the rhodanate has a 
specific toxic action® that is not related to the cyanide ion, causing death in 
convulsions in from four to seven days when administered per os to rabbits 
in doses from o.i to 0.2 gm. per kilogram twice a day. There is a gradual 
anemia, albuminuria, and urobilinuria before death; following death no 
histological changes were found. These data need cause no alarm, for on the 
basis of a man weighing 150 pounds this dose, on the average, would be 
equivalent to 80 to 140 grams of sodium rhodanate during four or seven days, 
which is quite a lot of medicine no matter what its chemical composition. 
Takacs^ reports that the intravenous injection of sodium rhodanate increases 
the leucocyte count, increases gastric secretion and gastric motility, slows 
the heart rate, and lowers the blood pressure. 

It is common knowledge that the saliva and the urine contain small 
amounts of rhodanate ions; under normal conditions the stomach contains a 
minute amount of rhodanic acid.^ A consideration of the r 61 e played by the 
rhodanate ion in regulating the particle size of the protein colloids in the 
living organism, particularly the human body, is indeed an inviting thesis; 
for instance, in pellagra the rhodanate content of the saliva and the urine 
is diminished,® returning to a higher level after the ravages of the disease have 
passed. 

Aliphatic rhodanates have characteristic pharmacological effects^ consist¬ 
ing of convulsions, fall in body temperature, and respiratory stimulation, all 
of which are due to their central action. When a double bond is present in 
the aliphatic part, the compounds are inactive presumably because they are 
readily decomposed in the body; they still act as local irritants, however. 
Aniline rhodanates are hematoxic. It was found that in general these salts 
are not analogous pharmacolpgically to the corresponding halogen derivatives. 

^ ‘^Merck's Index,420, 486 (1930). 

* Minnesota Medicine, 13 , 281 (1930). 

^Taubmann and Heilborn: Archiv exptl. Path. Pharm., 152 , 250 (1930). 

*Z. ges. exptl. Med., SO, 432 (1926). 

®Nencki: Ber., 28 , 1318 (1895). 

• Sullivan and Dawson; J. Biol. Chem., 45 , 473 {1920-21). 

^Taubmann: Archiv exptl. Path. Pharm., 150 , 257 (1930). 
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Evidently the organic rhodanates therefore are not to play an important r 61 e 
in treatments based on this theory of reversible agglomeration; although they 
are probably more soluble in the lipoids and thus theoretically would penetrate 
the cell walls more easily. 

Small doses of potassium rhodanate administered orally in aqueous solu¬ 
tion do not produce any effect^ for they arcTabsorbed and eliminated quickly. 
Dogs of ordinary weight can take four or five grams with no effect. If the 
path of the potassium rhodanate is through the digestive tract it acts as a 
purgative. Rabuteau also noticed that the subcutaneous injection of potas¬ 
sium rhodanate causes violent pain. The rhodanate ion is not entirely respon¬ 
sible for the pain, for it is produced by all other salts of potassium; sodium 
rhodanate is a great deal less painful than potassium rhodanate when intro¬ 
duced subcutaneously. 

Johnson and WormalP report that small amounts of potassium rhodanate, 
even such amounts as are in the saliva, have a distinct accelerating influence 
upon the amylolytic hydrolysis of starch. When the substrate is glycogen or 
dextrin, the effect of potassium rhodanate was less marked. The hydrolysis 
of starch caused by plant diastases is accelerated by potassium rhodanate. 
This work seems to indicate that the rhodanate ion has a definite physiological 
function. It was found in this laboratory® that sodium rhodanate in small 
amounts is capable of inactivating pepsin in vitro as shown by its loss of the 
power to digest egg albumin. This perhaps accounts in part for the gastric 
disturbances that sodium rhodanate sometimes brings about. 

Early in the game it was thought to be advisable to determine the effect 
of the oral administration of i.i grams of sodium rhodanate, which is about 
four times the prescribed^ single dose. Dr. Webb York* kindly conducted 
the experiment upon the junior author. Two hours after a heavy luncheon, 
when the gastric acidity should be relatively high, blood pressure, pulse, and 
respiration were determined. Then, a water solution of i.i grams of sodium 
rhodanate was taken orally. Every 20 minutes thereafter, for one hour, 
measurements of blood pressure, pulse, and respiration were made. The re¬ 
sults are given in Table II, The data show that the sodium rhodanate exerted 
no great effect, the slightly high systolic blood pressure, and rapid pulse were 
due to a bit of apprehension on the part of the patient, for at that time we 


Constant 

Pulse Rate 
Blood Pressure 
Respiration Rate 


Table II 

Blank 20 minutes 40 minutes 

after NaCNS after NaCNS 

84 78 78 

140/75 138/75 137/62 

12 16 14 


^ Rabuteau; “filaments de Toxicologie,'' 543 (1887). 

* Proc. Leeds Phil. Lit. Soc., Sci. Sect., I, part VII, 318 (1928). 
»Unpublished work of George Bancroft. 

* '^Merck’s Index,*' 486 (1930). 

* Assistant Professor of Hygiene, Cornell University. 


60 minutes 
after NaCNS 

78 

130/75 

14 
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were not so fully informed about the action of sodium rhodanate as we are 
now. The fall in blood pressure during the experiment therefore can not be 
attributed to the action of the sodium rhodanate; it apparently sustained 
the pulse rate, however, and had a slight accelerating effect on the respiration. 
It is unnatural for the patient to have a feeling of hunger in the middle of the 
afternoon, yet 40 minutes after the sodium rhodanate was taken, a ravenous 
appetite developed. At no time was there even the slightest feeling of nausea; 
no gastric discomfort of any kind was noticed. Table III shows qualitatively 

Table III 

Time elapsed li 3 6 9 18 21 25 29 44 69 93 117 144 

in hours 

Reaction of 1+ 2+ 2+ 2+ 1+ 1+ 2+ 2+ o 

Saliva 

Reaction of 1+ 2+ 3+ 4+ 5+ 5+ 5+ 6+ 5+ 4+ 3+ 2 + 

Urine 

how the rhodanate ion was eliminated. The test used was the red color pro¬ 
duced by adding ferric chloride to the acidified sample. This shows that the 
sodium rhodanate was practically entirely eliminated in six days. 

These data suggested that it would be well to check up ,on the effect of 
sodium rhodanate on renal function. The phenolsulphonephthalein test' 
was used .2 A subcutaneous injection of one cc. of a solution (6 mg./cc.) of 
the dye was made in the deltoid region of the left arm, one hour ten minutes 
after a breakfast consisting of a fried egg sandwich and a cup of coffee. Five 
minutes previous to the injection, the subject drank one glass of water. The 
urine was collected hourly for three consecutive hours, the volume recorded, 
and the amount of dye determined colorimetrically. Ten hours later the 
subject was given, by mouth, 1.5 grams of sodium rhodanate in water solu¬ 
tion. The effect upon the pulse and respiration are shown in Table IV. Here 


Table IV 


Time in minutes 

0 

5 

25 

40 

Pulse Rate 


67 

56 

62 

Respiration Rate 

12 


17 

16 


again, we observe an increase in the rate of respiration, presumably due to 
peptization in the respiratory center. The sodium rhodanate lowered the 
pulse rate. After the sodium rhodanate was administered, the patient pur¬ 
posely did not micturate until the next morning, about eight hours later. 

1 Hawk and Bergeim: ^^Practical Physiological Chemistry,” 675 (1926). 

* The authors wish to take this opportunity to thank Barton F. Hauenstein, M.D., 
Tonapkins County Pathologist, who performed this test, for his help during the progress 
of the research that we have been canying out in this field. We also tha nS B. C. B. for 
allowing us to have this and other tests performed upon him. 
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There was no feeling of gastric discomfort. The breakfast, and the hour at 
which it was eaten, was the same as that of the previous morning. The same 
amount of time was allowed to elapse between breakfast and the start of the 
test as on the morning before when the control test was made. The test for 
renal function was carried out in exactly the same manner as it was on the 
previous day. Table V contains the data obtained before and after the 

Table V 



First Hour 

Second Hour 

Third Hour 

Total 

% of Injected Dye 
eliminated (control) 

40 

35 

20 

95 

cc. of Urine 

170 

90 

90 

350 

of Injected Dye 
eliminated (after NaCNS) 

50 

30 

IS 

95 

cc. of Urine 

120 

70 

230 

420 


administration of sodium rhodanate. They show that the renal function of 
the subject is high, and that it was not in any way disturbed by the sodium 
rhodanate. Thus, kidney damage is not likely to follow the administration of 
small amounts of this peptizing agent. As we have already seen, it may be 
used* even in nephritis. 

Dr. Hauenstein performed another experiment which gave rise to several 
interesting bits of information about the action of sodium rhodanate. A 
volunteer consumed 190 cc. of alcohol mixed with ginger ale within two 
hours previous to the start of the experiment Then, during the next hour he 
was given three one-gram doses of sodium rhodanate in water solution. After 
the second dose of the peptizing agent the subject was very drowsy and fell 
asleep upon the least provocation. This is an interesting condition of affairs, 
for a parallel reaction was observed in the two other cases* that were reported. 
The tendency to sleep was probably not due to the approach of alcohol nar¬ 
cosis, for in each case the sleep lacked the depth of an alcoholic narcosis; and 
the patients’ pulses became slower and stronger, rather than weaker. The 
action of the sodium rhodanate then is attributable to the quieting of stimu¬ 
lated sensory nerves by its peptizing action, which is followed by sleep due to 
natural causes plus the effect of the alcohol upon the brain. This argument 
will gain force as the discussion proceeds. 

The third experiment, cited above, further established that sodium 
rhodanate does not disturb kidney function, for there was no sign of renal 
irritation. That sodium rhodanate tends to go selectively to disturbed areas 
seems to be strongly supported by the fact that after taking the medicine. 


* “Merck’s Index,’’ 430,486 (1930). 

' Bancroft and Butrier: J. Phys. Chem., 35 ,1185 (i 93 i)' 
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during the two hours that the patient was under observation, there was no 
detectable amount of sodium rhodanate in the urine. The previous drinking 
resulted in diuresis, for the specific gravity of the urine fell from 1.020 to 
1.005, and finally to 1.003 during the experiment; so the cause of the absence 
of sodium rhodanate was not a lack of flow of urine. The patient felt no bad 
effects at any time as a result of this treatment. At 3:30 in the afternoon, 
about midway through the experiment, the patient overturned a sphygmoto- 
nometer without noticing that he had done so. One hour 20 minutes later 
the junior author saw him and talked with him; at this time it was not ap¬ 
parent that the patient had been drinking. 

Sollman^ says: ^‘Stimulant doses of alcohol increase the rate and depth of 
respiration (even in sleep) by reflex and central stimulation. This may aid 
in the therapeutic use of alcohol as a stimulant. With narcotic doses the 
respiratory center is depressed.In two of the cases which were treated 
with sodium rhodanate the narcotic stage, as defined by Sollman, was not 
reached; while in the third case a few of the symptoms were discernible. It is 
interesting to note that there was neither vomiting nor other gastric difficul¬ 
ties in any of these three cases. 

On page 545 we find: ^^Somewhat larger doses (45-90 cc. of alcohol for 
man, diluted) produce at first the same effects followed in an hour or less by 
decreased amplitude and force of the pulse, with progressive fall of the sys¬ 
tolic pressure, and unaltered or rising diastolic pressure.^^ The heart rate 
generally is increased; but there may be no change if the patient keeps quiet. 
Even under this circumstance, if the dose is large, the heart rate may in¬ 
crease (this means increasing pulse rate). The blood pressure behaves the 
same on larger doses as it does on smaller doses. In all three of the cases that 
have been investigated during the course of this research there was a slight 
fall in the systolic blood pressure and a small rise of the diastolic blood pres- 


Table VI 


Time from Start 
of Experiment 
in Minutes 

Pulse 
Rate 
Case I 

Pulse 
Rate 
Case 2 

Pulse 
Rate 
Case 3 

Respiration Respiration 
Rate Kate 

Case I Case 2 

Respiration 
Rate 
Case 3 

0 

88 

76 

81 

28 

13 

21 

18 


76 



14 


25 



80 



18 

28 

92 



14 



36 


72 



13 


43 



74 



18 

53 

86 



18 



60 



70 



18 

78 


72 



16 


8s 

72 


62 

16 


16 

93 


70 



17 


120 



62 



18 


1 'A Manual of Pharmacology,” 542 et seq. (1917). 
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sure, thus checking in with the experiences of others. But, the sodium 
rhodanate shows an antagonistic effect toward the alcohol in the behavior 
of the pulse and respiration rates. The data are given in Table VI. The pulse 
rate fell markedly in two of the three cases, and definitely in the third case. 
Further, the pulses were strong rather than feeble. These data, being in 
opposition to the general trend of events after the ingestion of large quantities 
of alcohol, can safely be accounted for on the basis of the antagonistic action 
of sodium rhodanate toward alcohol. In the two cases (one and three) in 
which the alcohol was the most effective, sodium rhodanate caused a decrease 
in the rate of respiration; in the other case there was a slight increase in the 
rate of respiration. The facts necessary to explain this increase are at hand. 
Up to 36 minutes after the start of the experiment the respiration rate was 
about 13 which is close to normal; this gives rise to the fair assumption that 
the alcohol was not acting as a stimulant for the respiratory center, although 
well before that time its intoxicating action was evident. The stimulation 
due to reversible coagulation may be simulated by the stiipplation due to 
reversible peptization.^ The increase in rate of respiration in case two is 
therefore very likely due to the action of the sodium rhodanate alone, since 
this compound raises the rate of respiration when it is the only medicine 
ingested, as we have already seen. 

The case for the antagonistic action of sodium rhodanate to alcohol now 
appears to be materially strengthened; that is, alcohol acts to reversibly 
agglomerate certain protein colloids of the nervous system, and sodium rho¬ 
danate repeptizes them. 

A young 7.25 kilogram dog was given an intravenous injection^ of 24 cc. 
of a 10% solution of sodium rhodanate. About ten minutes after the injection 
the animal vomited. The heart rate increased somewhat; and the rate of 
respiration increased almost immediately after the injection. Although it 
vomited three more times, the dog did not seem to be depressed by this 
treatment. Two weeks later the same animal was injected intravenously 
with 30 cc. of a 20% solution of sodium rhodanate. This resulted in vomiting 
and defecation almost immediately. However, under anesthetics dogs ap¬ 
parently do not vomit when given sodium rhodanate; there is some evidence 
that suggests that even small doses of alcohol tend to inhibit the vomiting due 
to sodium rhodanate. All of this points toward the idea that the action of 
sodium rhodanate on the vomiting center is that of peptization, especially 
in view of the fact that three-gram doses do not cause any unpleasant gastric 
sensations when administered to human beings. 

Since the first paper of this series was published* Dr. H. C. Stephenson 
has performed an experiment which shows definitely that ''nembutar' is 
antagonized by sodium rhodanate, as the theory demands that all anesthetics 

> Bancroft and Rutzler: Proc. Nat. Acad. Sci., 17 , 186 (1931). 

• The authors greatly appreciate the willingness of Dr. H. C. Stephenmn, l^ofessor of 
Materia Medica in the New York State Veterinary College at Comdl University, to help 
us with this and other experiments. 

* Bancroft and Rutzler: J. Phys, Chem., 35 , 1185 (1931)* 
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should be antagonized to a small or large degree. A Boston bulldog weighing 
7.9 kilograms was given an intraperitoneal injection of 3.47 cc. of ‘^nembutal 
which is an experimental liquid preparation circulated, for trial, by the 
Abbott Laboratories. The solution contained one grain of ^‘nembutar' per 
cc. The dog was l3ring down and was slightly “dopey” in 14 minutes; it was 
unable to walk after 57 minutes. There was only a light anesthesia accom¬ 
panied by a little excitement. At this time eight cc. of a 10% solution of 
sodium rhodanate was injected into the femoral vein. The animal immedi¬ 
ately became very excited; 12 minutes later the excitement subsided, and the 
animal was lying limp on the operating table. Four minutes after this 
condition of affairs set in five cc. more of the 10% solution of sodium rho¬ 
danate was injected into the femoral vein. This was done to be doubly certain 
that the excitement was due to the sodium rhodanate. The dog immediately 
became very excited again; this time the excitement subsided in eight min¬ 
utes. If it is not a coincidence, it is interesting that the time of excitation is 
almost directly proportional to the amount of sodium rhodanate admin¬ 
istered. 

While it is true that the anesthesia was not deep and that the antagonism 
of the peptizing agent toward the agglomerating agent was not great, the 
important thing is that the theory demands that “nembutal” and sodium 
rhodanate act in opposite manners, and the experiment shows that they are 
actually antagonistic. 

Since the last report^ the work on anaphylaxis has been checked, using 
both egg white and horse serum as antigen. The results were the same as 
those reported before; sodium rhodanate acts as a protecting agent against 
anaphylaxis, but when mixed with the antigen the anaphylactic reaction is 
greatly intensified. We are not offering any explanation of the effect of the 
mixed dose. 

Sodium rhodanate, at one end of the lyotropic series, and sodium citrate, 
at the other end of the series, act in opposite directions in their effect on the 
water output of rabbits.^ The theory tells us that these two compounds 
should either act oppositely, or any given action of one of them should be 
very much greater than that of the other. Sodium citrate causes a retention 
of water, while sodium rhodanate increases the elimination of water. Because 
of its peptizing action one might expect a slight increase in the permeability 
of the kidneysB,s a result of the continued use of sodium rhodanate. 

S. Ephedrine 

Dr. G. H. A, Clowes says* that sodium rhodanate brings dogs out of 
“sodium amytal” anesthesia more rapidly than they would normally recover 
consciousnesss, but that ephedrine is more efficacious than sodium rho¬ 
danate in this respect. This fact might appear to create a dilemma that would 

^ Bancroft and Rutzler: J. Phys. Chem., 3 S, 1185 (1931). 

^ Moraczewski: Compt. rend. soc. bioL, 91 , 702 (1924). 

* Private communication. 
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give rise to an embarrassing situation. However, if the reversible agglomera¬ 
tion theory of anesthesia is correct and accoimts for the facts, the best way 
out is for ephedrine to be a peptizing agent for proteins. 

The general method of experimentation adopted for the study of the 
colloid chemistry of the nervous systems gives us the means by which such 
a thing as ephedrine can be classified. A 2% egg white sol was prepared using 
dried egg white and distilled water. The sol was filtered in order to take out 
the coarser particles. Small test tubes were prepared by sealing over one end 
of a number of short pieces of seven-millimeter glass tubing. Exactly 0.0040 
gram of ephedrine sulphate was weighed into one of these tubes, 0.0206 gram 
into another, and 0.018 gram of sodium rhodanate into a third. Using a 
pipette, 0.7 cc. of the cloudy egg white sol was placed in each of the three 
tubes; a fourth tube was prepared into which was placed only the egg white 
sol. The contents of each tube were thoroughly mixed by closing the open 
end and inverting them several times. Ten minutes after these sols were 
prepared the least turbid (most peptized) one was that which contained the 
sodium rhodanate; the difference in turbidity between this system and the 
one containing the larger amount of ephedrine sulphate was slight. The 
tube containing the smaller amount of ephedrine sulphate was indistinguish¬ 
able from the blank. A few hours later the general situation was the same, 
except that the smaller amount of ephedrine had peptized the protein slightly, 
as was evidenced by the fact that it was not quite so turbid as the blank. 
The amounts of ephedrine (in the tube containing the larger quantity) and 
of sodium rhodanate were tripled; there was very little, if any, change in the 
turbidity of the two sols which were almost clear before adding more of the 
two peptizing agents. 

Since the system containing the larger amount of ephedrine sulphate 
cleared up almost as much as that containing sodium rhodanate, and the 
amounts of the two reagents were about the optimum quantities, an inter¬ 
esting comparison can be made between the two. The system containing 
the sodium rhodanate was 0.308 molar in respect to that salt; whereas, the 
system with the ephedrine sulphate in it was only 0.068 molar. Allowing in a 
rough manner for the difference in turbidity of the two sols, ephedrine sul¬ 
phate appears to be approximately four times as powerful a peptizing agent 
as is sodium rhodanate. It is not inconceivable that upon other protein 
substrates ephedrine might have a slightly greater or a slightly lesser pep¬ 
tizing action than it does on albumin. Differences are to be expected, but 
qualitatively the action should be one of peptization of proteins in general. 

There is further evidence that ephedrine peptizes reversibly agglomerated 
proteins of the nervous systems. The bronchial spasm produced by injecting 
peptone into the body is promptly stopped by injecting ephedrine.' Like¬ 
wise, ephedrine is useful in treating severe and recurrent bronchial asthma^. 
Althausen and Schumacher report* that, as one would expect, hay fever and 

^ Kreitmair: Klin. Woohensohr., S, 2403 (1926). 

* McDermot: Can. Med. Aasoo. J., 16,422 (1926). 

' Arohiv Int. Med., 40 , 851 (i 937 )> 
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asthma are relieved by ephedrine. In view of the action of sodium rhodanate 
on the vomiting center, it is interesting to note that these men found that 
vomiting occurred in 30% of the cases when ephedrine was used. Another 
symptom that they noticed was insomnia. Having postulated that sleep is 
on the agglomeration side, it is quite easy to see that ephedrine, by virtue of 
being an excellent peptizing agent, prevents sleep by keeping certain colloids 
in the brain from becoming agglomerated. Clowes^ recommends ephedrine 
sulphate and caffeine sodium benzoate to antidote the long post-operative 
sleep due to “sodium amytal/^ 

From what we now know, ephedrine, in the living organism, should peptize 
proteins more efficiently than an inorganic salt, all other things being equal, 
because it is almost undoubtedly more soluble in the lipoids than inorganic 
salts. That in turn means that it can get to the proteins more readily to exert 
its peptizing action than can sodium rhodanate, for instance. In bringing 
ephedrine into the fold, the capacity of this theory for the unification of what 
otherwise must be isolated facts is again illustrated strikingly. 

The colloid basis is the only one which at the present time can successfully 
bring under one heading and make clear the reason for the similarity of the 
medicinal actions of the chlorides, bromides, iodides, rhodanates, ephedrine, 
and perhaps some other drugs with which we have not dealt up to the present 
time. Even the small number of things that are pointed Qut here (no attempt 
has been made to review the literature completely) as illustrating the likeness 
of the actions of these drugs should have shown people from the inductive 
method alone that there was an underlying general principle, and that that 
principle is the peptization of reversibility agglomerated protein colloids of 
the nervous systems. 

The general conclusions supported by this paper are as follows: 

1. The lyotropic series, Claude Bernardos theory of anesthesia, and the 
action of sodium rhodanate in many disorders of the nervous systems have 
provided a background which justifies the therapeutic classification of the 
alkali chlorides, bromides, iodides, and rhodanates as a single group. 

2. This group of drugs acts, in the ma;in, by virtue of the peptization of 
reversibly agglomerated proteins of the nervous systems. 

3. Numerous examples of the therapeutic action of these compounds are 
discussed in order to show the close relationship between them. 

4. Henceforth the German of thiocyanate, rhodanate, will be used in 
order to avoid the confusion that sometimes occurs between thiocyanate^ 
thiosulphate, and cyanide. 

5. Potassium salts should not be used therapeutically unless the specific 
action of the potassium ion is desired. The toxicity of the potassium ion is 
again pointed out. 

6. Sodium rhodanate is comparatively non-toxic. 

7. Sodium rhodanate raises the rate of respiration slightly when adminis¬ 
tered in sufficient quantities to human beings and dogs; this appears to be due 
to the over-peptization of the colloids of the respiratory center. 

^ Qowes et al: Proc. Soc. Exp. Biol. Med., 26 , 399 (1929). 



COLLOID CHEMIBTBY OF THE NERVOUS SYSTEMS 


3057 


8. Sodium rhodanate apparently does not disturb the renal function. 

9. Alcohol is very definitely antagonized by sodium rhodanate, as shown 
by work on human beings. 

10. Injections of large amounts of sodium rhodanate apparently cause 
vomiting as a result of the over-peptization of the colloids of the vomiting 
center. 

11. Sodium rhodanate tends to go selectively to partially agglomerated 
areas for there is a delay in the excretion of the compound when a person is 
under the influence of alcohol. 

12. People under the influence of alcohol go to sleep when given large 
doses of sodium rhodanate, because the peptizing agent quiets the sensory 
nerves; at the same time reversible agglomeration occurs in the brain as in 
sleep. 

13. “Nembutal” is definitely antagonized by sodium rhodanate, as it 
should be. 

14. Further experiments support the view that sodium rhodanate 
counteracts weak anaphylactic shock. 

15. Ephedrine brings dogs out of “sodium amytal” anesthesia better 
than sodium rhodanate does. 

16. The peptizing action of ephedrine on albumin is very strong. 

17. Ephedrine is about four times as powerful a peptizing agent for 
albumin as sodium rhodanate. 

18. Clinical evidence suggests that ephedrine acts in many cases by virtue 
of its peptizing action. 

Cornell University, 



GLASS ELECTRODE DETERMINATION OF SODIUM 
IN NaCl-KCl MIXTURES* 


BT FRANK TJRBAN AND ALEXANDBB STEINER 


It has been shown by Horovitz‘ and Schiller^ that a glass electrode can also 
function as a Na, K, Zn, or Ag electrode. In the presence of more than one 
ion, a mixed electrode potential is obtained, which, according to Michaelis 
and Fujita,’ and Horovitz,^ may be represented by the equation 


(x) 


E = 



|/ 


SaikCik 

SoCiaCia 


where Cik and Cia indicate concentrations of cation and anion of salt i; aik 
and aia distribution coefficients of the cation and anion of salt i. 

In our studies of mixtures of NaOH, NaCl and KCl, we kept KCl and 
NaCl constant in a given series of mixtures and varied NaOH only. It was 
found that log CNa plotted against E always gave a straight line. Moreover, 
a change in ckci caused a parallel displacement of this straight line. 

We attempted to derive this straight line from the Michaelis-Horovitz 
equation. For alkaline solutions containing NaOH, NaCl and KCl: 


( 2 ) _ ^"^ In 1/ ^ q^kCk 

F f aOHCoH + occiCci 

In studying a series of mixtures of NaCl and NaOH, such that the sum 
of CNaci + CNaOH was kept constant, we observed that the glass electrode 
potential remained nearly constant. The following mixtures were used: 


M NaOH 

+ 

M NaCl 

= 

Mols per liter 

•233 


2.096 


2.329 

.466 


1-863 


2.329 

•932 


1-397 


2.329 

1.864 


0.46s 


2.329 

2.329 


— 


2.329 


On the basis of this observation, it may be permissible to put aon = aci. 
By substitution in (2) 

(3) E = ^ In l /«N.C>,a +aKCK 

j r «OH.Cl (CoH+Cci) 

But CoH + Cci = CNa + Cr. Substituting in (3) and dividing by aoH,ci: 


♦From the Laboratory of Biological Chemistry, Washington University School of 
Medicine, Saint Ijouis, Missouri. 

^ K. Horovitz: Z. Physik, 15 , 369 (1923). 

*H. Schiller: Ann. Physik, (4) 74 , 105 (1924). 

*L. Michaelis and A. Fujita: Z. physik. Chem., 110, 269 (1924). 

* K. Horovitz: Z. physik. Chem., 115 , 424 (1925). 
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(4) 


E 


RT 

F 




N«CNa H~ «'kCK 

Cn» H" Ck 


Neither equation (2) or (4) represent our experimental findings. 
The glass' used by us had the following composition: 

Li 70% 

NajO 15% 

K very small amount 

CaO 6% 

MgO - AljO, - HBOs - FejOs - BaO 


9% 


The equation proposed byHorovitz* for the potential of the glass electrode 
in alkaline solutions containing Na'*' is: 


(S) 


E = ^lncN.|/ 


asi Kgi 


When potassium ions are introduced into such a solution, the Na+ dis¬ 
tribution coefficient aN* changes. If we assume that the number of sodium 
ions on the surface is in adsorption equilibrium with the number of sodium 
ions in solution,^ then, upon the addition of potassium ions to the solution, 
some of the latter will be driven into the interface, displacing a number of 
sodium ions. If we apply the adsorption isotherm to this polar adsorption, 
the number of potassium ions adsorbed (per unit area) will be k'.c*'^"; and 
the Na'^^ distribution coefficient will now be equal to aNa(i—k.c^^"). The 
isotherm does not contain a correction for the adsorption of the solvent 
and, furthermore, it does not hold in concentrated solutions. It is very prob¬ 
able that the true adsorption isotherm shows a pronounced maximum.'^ 
With these reservations, we substitute the corrected sodium ion distribution 
coefficient in (5): 


( 6 ) 


(7) 


E = ^In Cn. 

F y asi Kgi 


or 


I? A _L_ 1*. 

E.-jplnCK. + ^ta-^ 




It may logically be objected that aNa cannot be independent of Cne, even 
in solutions in which Na'*' is the only predominant cation. This objection is 
justified. We found a constancy of aNa between 0.004 and i.o M NaOH. 
Above and below these concentrations, aNa is no longer constant. The theoreti¬ 
cal reasons for the constancy of a distribution coefficient have been discussed 
by Freundlich.* 


^ Glass and analysis by Kimble Glass Co., Vineland, N. J. 

* Z. physik. Chem., 115, 424 (1925). 

* Similar views have been brought fOTward by B. von Lengyel: Z. physik. Chem., 153A, 
425 (1931); and by K. Lark-Horovits: Naturwiss., 19, 397 (i930* 

* Evans: J. Phys. Chem., 10, 290 (1906), quoted by Freundlich. 

* Freundlich: ^^Kapillarchemie,’’ p. 251 (1931). 
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Equation (7) is in agreement with our findings. The glass electrode po¬ 
tential, in alkaline solution containing both Na*^ and is linearly related 
to log CNa, as long as ck is kept constant in the mixtures. A change in Ck causes 
a displacement, the slope 2.303 RT/F = 0.05912 remaining constant. The 
value of the slope was found to be equal to 0.060 v. (Average of 5 determina¬ 
tions). The term 0.0296 logw (i — k c'^“) represents the parallel displacement 

due to K"^. 0.0296 login -- " - represents the intercept, in the absence of K+. 

otsi Roi 

The linear relationship between E and log CNa can be made the basis for 
a potentiometric determination of Na in the presence of K. If to an unknown 
mixture of NaCl and KCl, we add a known amount of NaOH, the potential 
found satisfies (7). 

(8) El = m log (x + Cl) + b 

X = unknown NaCl (mols), Ci = NaOH added. For an amount C2 of 
NaOH added, 

(9) E2 = m log (x + C2) + b 
Subtracting (9) from (8): 

(10) El - Ej = mlog^L±_£l 

X + Ci 

m being known' from a series of cali¬ 
bration determinations, equation (lo) 
may be solved for x. 

This can be done conveniently by 
plotting both (Ei—Ej)/m+log (x+cj), 
and log (x + ci) against x (for vari¬ 
ous values of x) (Fig. i). The abscissa 
representing the intersection of these 
two curves is the desired value for the 
unknown amount of NaCl in the original NaCl-KCl mixture. 

As a reference electrode, a electrode was used, mainly for the purpose 
of eliminating liquid junction potentials. The potentials of the Hj electrode 
were calculated from NaOH activity coefficients according to Harned.“ The 
small salt error was neglected. 

When the E.M.F, of the cell glass electrode-solution-Hj electrode was 
plotted against log Cn., parallel straight lines were also obtained.* (Fig. 2). 

These are more convenient to use for the calculation of x, as the H» elec¬ 
trode potential does not have to be calculated. The procedure is the same as 
before, with the exception that m in (8) and (9) now represents the slope of 
the line obtained when log Na is plotted against EMF of the whole cell; 
while El and Ej represent the EMFs of the cell. 

The following mixtures were analyzed in the latter manner. 

«The value of m on the electrode used; E, and Ej should therefore be determined 

With the same electrode, which was used for determination of m. 

S. Hamed: J. Am. Chem. Soc., 47, 682 (1925). 

* Activity coefficient deviations are apparently within the percentage error of the method. 
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Mixt. 

MoIb NaOH 

Mols KCl 

NaOH found 

Error 

A 

0.2s 

0.125 

0.26 

4 % 

B 

0.2s 

0.25 

0.242 

3 - 3 % 

C 

0.2s 

0.50 

0.247 

1.2% 

D 

0.25 

1.00 

0.245 

2.0% 

E 

0.25 

2.00 

0.266 

6.4% 


average 3.6% 

Sufficient NaOH was added to make ci and c* 0.233 N and 0.698 N re¬ 
spectively. A third point was obtained by adding sufficient NaOH to make 
c's 0.349 N. 

The following cell potentials were observed: (Fig. 2). 



N NaOH added 

Cl = 0.233 

c'j = 0.349 

c* == 0.698 

Mixture A 

0.5025 

0.5150 

0.5440 


0.5025 

0.5150 






B 

0.5295 

0.5429 

0.5720 


0.5291 

0.5430 

0.5721 

C 

0.5320 

0.5455 

0.5745 


0.5319 



D 

0.5329 

0.5460 

0.5770 


0.5330 

0.5465 

0.5740 

E 

0.5402 

0-5535 

0.5814 


Glass electrode potentials calculated form NaOH activity coefficients, 
(Fig- 3 )- 
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NaOH added 

Cl = 0.233 

C'2 = 0.349 

C2 « 0.698 

Mixture A 

—0.2804 

-0.2754 

— 0.2631 

B 

-0.2536 

-0.2474 

-0.2351 

C 

-0.2509 

-0.2449 

— 0.2326 

D 

-0.2499 

— 0.2441 

-0.2315 

E 

— 0.2427 

— 0.2369 

-0.2257 


Normal H2 potential = o. 



In order to decrease the percentage error, Ci and C2 should be approximately 
of the order of magnitude of x. 

All determinations were carried out in an oil bath at 25®C ± o.oi®. Hy¬ 
drogen was purified by passing over platinized asbestos at red heat. Solutions 
were kept under oil during the determination, to protect them from CO2. 
Readings were made by connecting electrodes in series with a 5 m.f. condenser 
to the EMF leads of a Leeds-Northrup type K potentiometer, so that at 
balance the condenser was unchanged. A ® amp. sensitivity galvanometer 
was used, 0.2 millivolt giving a detectable deflection.^ All leads were care¬ 
fully insulated. As a rule, equilibrium was reached within less than 15 min¬ 
utes. The glass electrode was of the Haber type, filled with o.i HCl; a Ag, 
AgCl electrode, properly screened from light was used. The ruggedness of 
this type makes it useful in alkaline solutions. 

Summary 

(1) A method for the detn. of Na in mixtures of NaCl and KCl by means 
of the glass electrode has been outlined. 

(2) An equation for the mixed electrode potential has been developed. 

' G. H. Bishop: Proc. Soc, Expt. Biol. Med., 21, 260-2 (1930). 




EFFECTS OF DISSOLVED SUBSTANCES ON THE SOLUTION 
TEMPERATURE OF A PHENOL-WATER SYSTEM 

BY J. L. CULBERTSON AND E. 8. PALMER 

Introduction 

Since the time of Hofmeister* numerous studies have been made of the 
so-called Hofmeister or lyotropic ion series. Various explanations of the 
lyotropic action have been offered, the earliest of which was the theory that 
the different degrees of hydration of the ions was responsible for the varying 
magnitude of their effects on aqueous systems. Buchner^ studying gelatin 
gels concluded that polyhydrol molecules of water had a greater peptissing 
influence than simple HiO molecules. Hence the ions would appear to in¬ 
fluence the association of water. Gortner and his co-workers* extracting 
protein from wheat flour with potassium halide solutions obtained results 
which agree with the conclusions of Buchner. Krus^t and Robinson^ deter¬ 
mined the solubilities of quinone, hydroquinone, and various nitroanilines 
in aqueous inorganic salt solutions. The distinct lyotropic series found for the 
salts is explained by postulating orientations of several kinds in the neigh¬ 
borhood of the ions and the molecules of the solute. The present investiga¬ 
tion was made to determine the effect of dissolved substances on the solution 
temperature of a phenol-water mixture having a weight ratio of 36:64. Pre¬ 
liminary study of the system by Culbertson and Grafton* indicated the 
probable trend of results of such an investigation. Taylor* found that 
inorganic salt solutions in their effect on the solution temperature of phenol- 
water systems formed a lyotropic series. The present investigation was 
initiated for the purpose of studying the effects of a group of dissolved sub¬ 
stances on this system over a considerable range of concentrations. 

Experimental 

Materiah. MaUinckrodt C. P. quality phenol was redistilled and both 
the first and last portions rejected. This purification was deemed sufliciently 
thorough to permit recovery of the used phenol from the salt containing 
aqueous solutions by two such fractional distillations. 

The salts were used as found in the original containers. The KCl, KI, 
KNOj, and KCNS were Mallinckrodt’s C. P. quality, the KBr was Merck's 
C. P. quality, and the KjSOi were Baker’s C. P. quality. 

^ F. Hofmeister: Arch. exp. Path. Pharm., 24, 347-60 (1888). 

* E. H. Buchner: Ree. trav. chim., 46, 439-44 (1937). 

* R. A. Cktrtner, W. F. Hoffman and W. B. Sinclair: Colloid Symposium Monograph, 5, 
179-98 (1928). 

* H. R. Kruyt utd C. Robinson: Proc. Koninklijke Akademie van Wetenschappen, 
Amstwdam, 29, 1244-50 (1926). 

* J. L. Culbertson and C. M. Grafton: 1927, Unpublished data. 

* W. W. Taylor: Proc. Roy. Soc., Edinburgh, 49, Pt 3, 198-209 (1928-29). 
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The organic acids used, malonic and succinic, were Merck's C. P. quality 
and were used directly from the original containers. 

Apparatus, A test tube large enough to admit a thermometer, the latter 
graduated to tenths of a degree, and a spiral glass rod for stirring purposes, 
was immersed 10-12 cm. in a variable temperature bath. Means of slowly 
heating or cooling the bath under close control were provided. Uniform agita¬ 
tion of the phenol-water system contained in the test tube was found neces¬ 
sary and was provided by imparting a reciprocating motion to the glass spiral 
by means of an electric motor. 

Procedure, In all experimental work the basic phenol-water solution con¬ 
sisted of a 36:64 weight ratio. A quantity of this solution was placed in the 
inner tube of the apparatus and the solution temperature obtained by slowly 
heating the bath with continuous agitation of the mixture. Since the solu¬ 
tion temperature is determined by observing the change from an opaque to a 
clear system an arbitrary condition of transparency must be chosen. Such a 
condition represented by a solution temperature of 65.6^0. was selected as 
permitting greatest accuracy. Duplicate determinations showed an agree¬ 
ment of ztO.l®. 


Table I 


Salt KBr 


KCl 


KI 

Cone. 

Temp. Rise 

Cone. 

Temp. Rise 

Cone. 

Temp. Rise 

0.118 

0.7o®(\ 

0.114 

0.70%". 

0.163 

o.65»C. 

00 

d 

IIS 

0.272 

1-30 

0.252 

0.95 

0.509 

2.00 

0.490 

1-50 

0.513 

1.45 

0.857 

2.50 

0751 

2.85 

0.734 

1.90 

1.022 

3-50 

0.993 

3.60 

1.009 

2.55 

1.884 

5-77 

1.685 

5-86 

1.565 

3-45 

2.072 

6.38 

1-975 

6.53 

2.048 

4.40 

4-165 

10.46 

3-973 

11-45 

4.023 

7.63 

7.894 

18.66 

7.011 

18.41 

7-997 

1305 

11.999 

26.76 

12.070 

31.0 

16.045 

21.95 

Salt KNO, 

K*S 04 

KCNS 

Cone. 

Temp. Rise 

Cone. 

Temp. Rise 

Cone. 

Temp. Rise 

0.131 

o.5o“C. 

0.062 

o. 45 “C. 

0.260 

o.32®C. 

0.252 

0.85 

0.125 

1.05 

0 

Cft 

0 

0.50 

0.546 

1.50 

0.236 

1.65 

1.063 

0.65 

0.751 

2.05 

0.346 

2.10 

2.043 

0.95 

0.998 

2.55 

0-519 

3.20 

4.724 

1-15 

.1.397 

3.15 

1.028 

5.72 

8.229 

1-45 

2.253 

4.81 

2.054 

9.72 

16.006 

1.8s 

4.038 

7.98 

4.008 

16.63 



8.181 

13.99 

6.002 

24.18 



16.on 

25.07 

8.020 

29.7 + 
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After the solution temperature of the pure phenol-water system was de¬ 
termined a new mixture was prepared from a known weight of the Knain 
solution and a small weighed quantity of one or more additional substances. 
The new solution temperature was determined and the temperature rise in¬ 
duced by the added substances was noted. 

Results. I. Effect of Dissolved Salts on the Solution Temperature of the 
basic Phenol-Water System. 




Fia. 2 

Six inorganic salts were studied by the methods outlined above. The 
results obtained are given in Table I. 

These data are represented graphically by Fig. i. Concentrations in all 
experimental results in this paper are expressed in milliequivalents per lo 
grams of phenol. It should be noted that the lower concentrations included 
in the table are not plotted in the figure because of limitations imposed by 
the coordinate scales used. It may be mentioned that check runs over several 
hours time proved that errors resulting from evaporation were negligible. 
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II. Effect of Malonic and Succinic Acids on the Solution Temperature of 
a Phenol-Water System. 

These data were obtained by adding a definite quantity of a salt (as indicated 
in the table) to a 36% phenol-water solution and determining the solution 



Table II 


Malonic Acid 
HOOC-CHrCOOH 


Succinic Acid 

HOOC-CHrCH rCOOH 

KNOs* 

= 0.750 milliec 

luivalents 

KCi** 

= 0.890 millieq 

uivalents 

per TO ^ams of pi 
throughout 

aenol 

per 10 erams of pi 
throughout 

lenol 

Cone. 

Temp. Rise 

Temp. Rise 

Cone. 

Temp. Rise 

Temp. Rise 

Acid 

by Acid 

by Acid 
and Salt 

Acid 

by Acid 

by Acid 
and Salt 

0.0279 

— 0.04 

1.96 

0.0301 

— 0.02 

330 

0.0796 

— 0.07 

1-93 

0.0593 

— 0.06 

3.26 

0.2392 

— 0.20 

1.80 

0.0758 

-’O.07 

3.25 

0.5009 

-0.36 

1.64 

0.1002 

— 0.10 

3.22 

0.6360 

- 0-45 

1-55 

0.2198 

— 0.18 

314 

I -137 

— 0.85 


0.3177 

— 0.24 

3.08 

2.350 

— 1.82 

0.18 

0.4366 

-0.34 

2.98 

2.614 

— 2.08 

— 0.08 

0.5530 

— 0.42 

2.90 

2.852 

— 2.25 

-0.25 

1.315 

1.764 

2.583 

3.332 

— 1.40 

— 1.98 
“’ 3.14 
-“ 4.17 

1.92 

1-34 

0.18 
-0.85 


* The temperature riae of this mixtures was 2.00° before the acid was added. 
** The temperature riae of this mixtures was 3.32°. 
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temperature. A small weighed quantity of one of the organic acids was then 
added to the solution and the change in the solution temperature was noted. 
A Beckmann thermometer was substituted for the tenth degree thermometer 
used in the above work thus giving an accuracy of ±0.05®. The results are 
tabulated in Table II and illustrated graphically in Figs. 2 and 3. Portions 
of the curves showing low concentrations of the KCl and KNO3 are also in¬ 
cluded for comparative purposes and to aid in locating the origins of the 
acid curves. 

Discussion 

Fig. I indicates clearly, throughout the concentration range employed, 
the usual lyotropic anion series, the magnitude of the effect of the separate 
ions being in the order of S04>Cl>Br>N03>I>CNS. Quantitatively 
the differences between ions are not at all uniform as the results of other 
investigations of lyotropic action show. Kruyt, in the investigation noted 
above, attributes the lyotropic action of salts to the orientation of water 
molecules around the ion, together with the undoubted differences in degree 
of hydration of the ions. It is our desire to correlate the effects of this series 
of ions with an additional property of such systems and for this purpose we 
have determined the effects of the malonic and succinic acids on two of the 
phenol-water-salt systems. As shown in Fig. 2 the malonic acid was added 
to a phenol-water-potassium nitrate mixture whose solution temperature was 
2.o®C. above that of the standard phenol-water system. Similarly the suc¬ 
cinic acid was added to a phenol-water-potassium chloride mixture whose 
solution temperature was 3.32®C above that of the standard mixture. (See 
Fig, 3). With increasing concentration of the acid in each case the solution 
temperature is lowered until within the concentration ranges employed it 
drops below the solution temperature of the standard mixture. 

In the interpretation of these results, attention is called to the values of 
the surface tensions of the aqueous solutions of the salts and acids used. These 
values are shown in Fig. 4. Those for the salt solutions were taken from 
International Critical Tables' while those for the acids are due to King and 
Wampler.2 

It would appear that a proper interpretation of the surface tension values 
should also be capable of application to the solution temperature effects 
noted. The orientation of water molecules in itself cannot account for the 
increased surface tension of the salt solutions, for orientation when it occurs 
must of necessity tend to reduce surface tension. This does not however 
indicate that water molecules cannot be oriented by the ions present for the 
ions due to their polar character would be expected to enhance surface energy 
values. The increase however would be minimized by any orientation which 
occurs. The organic acids being less polar in character than water itself 

^ International Grit. Tables, 4 , 466. 

* H. H. King and R. W. Wampler: J. Am. Chem. Soc., 44 , 1894-1902 (1922). 

Note: Concentrations are exp re s se d in terms of molal values in the article to which 
reference is made. In Fig. a, the^r are plotted as molar concentrations. The resultant error 
does not change the general r^tionsmps. 
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cause lowered surface tensions in their solutions. These relations are quali¬ 
tatively in agreement with the effects of the dissolved substances on the 
solution temperatures. 

According to Harkins* when two highly immiscible phases are in contact 
the interfacial tension is high. Lower interfacial tensions accompany greater 
mutual solubility. It is no doubt permissible in this case to assume that the 
salts which increase the surface tension of the water phase-air interface also 



increase the water phase-phenol phase interfacial tensions and that the organic 
acids decrease this interfacial tension. We would then conclude from the 
results of the present investigation that the solution temperatures of the 
aqueous solution-phenol systems are in direct dependence upon the surface 
tensions of the aqueous solutions involved. It does not follow however that 
solubilities and therefore interfacial relationships in such cases may always 
be predicted from free surface tensions. Illustrating this pwint in the field of 
colloidal solutions is the fact that casein is made more soluble in water by the 
presence of the iodide ion. Following the ideas of Kruyt‘ we would conclude 

* W. D. Harkins, F. E. Brown and E. C. H. Davies: J. Am. Chem. Soo., 39 , 354, 541 

* H. R. Kruyt: “Ckilloids,” translated by H. S. van Klooster, and Ed., p. 358. 
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that in such cases the nature of the orientation of the water molecules is such 
that interfacial energies are lowered by the presence of the ion in spite of free 
surface tensions that are higher than that of water. We propose to study the 
interfacial tensions of the water-phenol and other systems in order to test the 
relationships suggested here. 

Summary 

1. The effect of a number of dissolved substances upon the solution tem¬ 
perature of a phenol-water system has been determined. 

2. The relationship of these values to the surface tensions of the aqueous 
solutions is noted and an interpretation suggested. 

The Department of Chemistry^ State College of Waahingtonf 
PuUrmUy Waehi7\>gton, 



THE FREE ELECTRICAL CHARGES ON DROPLETS OF 
INSOLUBLE LIQUIDS IN WATER 


BY ROBERT DUBOIS AND ALEX H. ROBERTS 

Using a null-point method for measuring the free electrical charges on 
coarse suspensions in liquid media, McBain and Williams^ obtained results 
indicating that the number of charges on air bubbles and benzene droplets 
suspended in dilute, aqueous cetyl sulphonic acid solutions was only about 
I/ioo,oooth the number which would be produced by the electrolytic dissocia¬ 
tion of all the molecules in a close-packed, monomolecular layer of cetyl 
sulphonic acid covering the interface. On the other hand, measurements of 
the *‘surface conductivity^^ of thin films of stearic acid on water led McBain 
and Peaker^ to the conclusion that if the increased electrical conductivity near 
the surface can be ascribed to the presence of free, mobile hydrogen ions dis¬ 
sociated from the insoluble fatty acid layer, then about one-seventh of the 
close-packed monomolecular film consists of fatty acid ions instead of mole¬ 
cules*. 

The discrepancy in the magnitudes of the surface charges on these two 
similar interfaces, as determined by the different types of experiment, is of the 
order of io,ooo-fold. Similar large discrepancies (loo-fold to ioo,ooo-fold) 
were found by Usher^ for the charges on suspended gamboge particles measur¬ 
ed by several independent methods. In view of these conflicting conclusions 
the writers undertook to apply the method of McBain and Williams to other 
liquid-liquid interfaces and to make a critical study of the method and of the 
factors influencing the apparent surface charge density on small drops. The 
first experiments were especially directed toward the determination of the 
apparent charge at a stearic acid-water interface for direct comparison with 
the results deduced from surface conductivity data. 

I. Experiments With Vertical Electrical Field 

In order to measure the free electrical charge on small drops by the null- 
point method, a large number of droplets of some insoluble liquid are generated 
in water (or other medium) and a single one of these is observed through a 
telescope as it moves up or down between two electrodes connected to a 
source of direct current. The natural tendency of the drop to rise or fall be¬ 
cause of the difference in density of the two liquids is balanced by a counter¬ 
electromotive force until the drop remains stationary in the field of observa¬ 
tion. The total free charge^ e, on the drop is then calculated by equating the 
electrical pull, F, on the drop and the gravitational force, Fg, acting in the oppo- 

*In a communication to the Bunsen Gesellschaft (May, 1931) McBain and DuBois 
Bhow that of tl^ observed surface conductivity must be contributed by the fixed charge 
on the film i^lf. The revised calculations give a smaller fraction of dissociated fatty acid 
10ns m the film but do not change the order of magnitude of the free charge 
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flita direction. The value of F, can be determined by measuring the vertical 
velocity, V, with which the drop rises under the influence of gravity alone and 
Inlying Stokes’ law in the form 


Fg == OwttiV, (i) 

The radius of the drop, r, may be calculated by use of the Stokes formula. 


r* -9 

2 (8-8')g’ 


(2) 


where rj is the viscosity of the medium, s and s' are the densities of medium and 
drop respectively, and g is the gravitational constant. The values of r thus 
determined in our work were confirmed by a few direct measurements with a 
telescope fitted with a pair of parallel, adjustable cross hairs and a micrometer 
eyepiece with calibrated scale. 

The electrical force due to a field of strength, X, acting on the drop is Xe, 
and, according to our assumptions, at equilibrium. 


F = Xe = F. = 6irr>7 V, ‘ (3) 


from which may be calculated the values of e in electrostatic units (or its 
equivalent, N, the total number of electronic charges on the drop) and the 
surface density of charge o- (= N/4 ir r^). 

We shall call the ratio V/X the mobility of the drop, since, as will be 
shown later, this is practically identical with the cataphoretic velocity of the 
drop in a horizontal electrical field of unit potential gradient. 

Apparatus. A form of apparatus was developed (Fig. i) which made it 
possible to generate the drops in a tube separate from that in which the ob¬ 
servations were made but connected to it by tubes just large enough to allow 
free circulation between the two parts of the apparatus. The cell shown was 
made of Pyrex and was mounted firmly on a solid concrete bench. The 
distance between the two platinum electrodes was adjustable and was meas¬ 
ured accurately with a travelling microscope. A 150-volt direct-current 
generator served as a source of potential. The polarity of the electrodes 
could be reversed instantly and the potential difference between the electrodes 
could be varied quickly and continuously by the use of three 2000-ohm dial- 
type potentiometers connected in series. 

The region between the electrodes was illuminated obliquely from the 
rear by a beam of light passing through a system of condensing lenses. A 
water filter prevented heating effects and convection currents in the liquid 
being illuminated. The drops moving through the water in this part of the 
apparatus were observed through a short-focus telescope rigidly mounted and 
equipped with two adjustable, horizontal cross hairs and a micrometer eye¬ 
piece and scale, which was calibrated before use. The telescope was always 
focussed about midway between the electrodes and in the center of the tube 
in order to avoid streaming effects near the walls. 

The diameter of the vertical tubes was 17 mm., their length 19 cm., the 
separation of the electrodes 3.00 cm., and the length of the connecting tubes 
6 cm. 
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Procedure, The liquid medium (for most of the work conductivity water 
of specific conductivity 0.6 to i.o X io“® mho.) was poured into the tubes to 
a height of a centimeter or two above the upper connecting tube and a few 
cubic centimeters of the insoluble liquid were added to the “generating tube.” 
A large number of small drops were generated by the use of a glass stirrer 
rotating at high speed. A swarm of droplets passed through the lower con¬ 
necting tube to the “observation tube.” The stirrer motor was discon¬ 
nected and the liquid allowed to come 
to rest. A glass plunger in the upper 
connecting tube was lowered and 
served to check circulation of the liquid. 
Disturbances in the observation tube 
rapidly disappeared and within a min¬ 
ute all the drops were rising steadily 
through the water in straight lines. 

A known electrical field was then 
applied. (In all the measurements re¬ 
ported the lower electrode was posi¬ 
tive, since the drops in all cases were 
found to be negatively charged.) Some 
drops were retarded in their upward 
motion, some were reversed, while 
others were held motionless. One of 
these stationary drops would be select¬ 
ed for observation. The electrical cir¬ 
cuit was then opened. The drop im¬ 
mediately rose under the influence of 
gravity and was timed as it moved be¬ 
tween the cross hairs intersecting the 
field of view. Observations were made 
on ten to fifteen drops and their mean 
velocity used in the subsequent calcu¬ 
lations. The measurements were re¬ 
peated with various potential gradients. 

The Electrical Charge on Dissociable Interfaces: Fatty Adds in Water, Early 
experiments with drops of melted stearic acid in water kept at a constant 
temperature just above the melting point of the fatty acid were abandoned 
because of persistent and unavoidable convection currents. In order to work 
at room temperature we have employed as a substitute a saturated solution 
of stearic acid in pure benzene. Since they contain a polar carboxyl group, 
fatty acid molecules are probably adsorbed at the surface of the drops to 
form a complete layer of molecules oriented perpendicular to the surface and 
with the —COOH groups turned toward the water. We should thus be deal¬ 
ing with an effective stearic acid-water interface. 

Observations were also made on drops of oleic acid in water. Table I 
gives a typical set of readings. Table II summarizes the results obtained with 
fatty acids in water. 
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Table I 

Stearic Acid—^Water Interface 
D = field intersected by cross hairs = 0.123 cm. 
Potential gradient == 25 volts/cm. 


A = Reading Number 

B == Timeof natural rise of droplets through D cm.— 
in seconds 


A 

B 

A 

B 

A 

B 

I 

4.1 

6 

4.8 

II 

4.4 

2 

4.6 

7 

4.8 

12 

5-2 

3 

4.6 

8 

4.7 

13 

4.2 

4 

4.5 

9 

4-4 

14 

4.8 

5 

5-2 

10 

4-4 

15 

4.6 


Mean time 4.62 seconds 

Corresponding mean velocity 0.0266 cm./sec. 

Radius (taking 77 = 0.01, 
s = i.o, ands' = 0.875) 0.00312 cm. 

Total drop charge 18.8 X lo"^ e. s. u. 

= 3.94 X 10® electronic charges 
Electronic charges per cm.^ = 3 21 X 10® 

Table II 

Oleic Acid and Stearic Acid in Water 
(Drops timed over a distance 0.123 cm.) 


Material 

Potential 

Gradient 

X 

(volts/cm.) 

Mobility 
of drop 
V/X 

(cm./sec./ 
volt/cm.) 

X io» 

Radius of 
drop 
r 

(cm.) 

X io=» 

Total drop 
charge 

N 

(electronic 

charges) 

X 10“^ 

Charge 

Density 

<r 

(electronic) 

charges) 

X io~® 


8.3 

0.76 

1.62 

1-5 

4.4 

Oleic 

16.7 

0-75 

2.27 

2.0 

31 

acid 

25 

0.68 

2.66 

2.1 

2.4 


33-3 

0.56 

2.80 

2.3 

2.4 

Stearic 

8.3 

1.08 

1.82 

2.4 

5-7 

acid 

16.7 

1.07 

2.56 

2.2 

3-9 


25 

1.06 

312 

2.9 

3*2 


The charges per square centimeter on these two fatty acid surfaces are 
seen to be of the same magnitude as the number found for cetyl sulphonic 
acid by McBain and Williams. 

The total number of molecules in one square centimeter of a close-packed, 
monomolecular film is 4 X 10'^ in the case of stearic acid (area per molecule 
taken as 25 sq. A. U.) and 2.3 X 10^^ for oleic acid (area taken as 44 sq. A. U.). 

For drops of the same size stearic acid appears to carry a 25% greater 
charge than oleic acid. In each case the number is about i/io,000th to 



3074 


EGBERT DUBOIS AND ALEX H. ROBERTS 


i/ioo,oooth that possible for a complete layer of ions. This fraction indi¬ 
cates, therefore, the proportion of the surface covered by free (ionic) charges. 

The Electrical Charge on Non-dissociable Interfaces: Tetradecane-Water 
and Tetrahydronaphthalene-Water. To test whether the observed electrifica¬ 
tion of the drops was a specific effect attributable to the dissociation of hy¬ 
drogen ions from the fatty acid molecules, measurements were made on two 
inert, non-polar hydrocarbons, normal tetradecane and tetrahydronaphthal- 
ene. The sample of tetrahydronaphthalene contained impurities which were 
almost completely removed by steam distillation and washing with conduc¬ 
tivity water. 

Table III shows the rather surprising result of these experiments; namely, 
that the number of charges per square centimeter is approximately the same 
for these inert liquids as for the fatty acids, if drops of the same size are com¬ 
pared. This is more plainly shown in Fig. 5. 

Table III 

Hydrocarbons in Water 


Material 

Potential 

Mobility 

Radius of 

Total Drop 

Charge 

Gradient 

of Drop 

Drop 

Charge 

Density 


X 

V/X 

r 

N 

9 


(volts/cm.) 

(cm./sec./ 
volt/cm.) 

X 10* 

(cm.) 

X 10=’ 

(electronic 

charges) 

X 10”® 

(electronic 

charges) 

X 10”® 

n-Tetra- 

25 

0.81 

1.99 

1.9 

3.8 

decane 

33-3 

0.84 

2.34 

2.3 

3-4 


8-3 

0.90 

4.26 

4.5 

2.0 

Tetrahydro¬ 

16.7 

0.92 

6.10 

6.7 

1.4 

naphthalene 

25 

0.78 

6.86 

6.3 

I. I 


33-3 

0-75 

6.71 

6.7 

0.9 


Effect of Electrolyte on the Apparent Charge, The practical uniformity in 
the charge carried by the various substances studied suggested an alternative 
source of the electrification; namely, adsorption of ions from the conductivity 
water. Large electrokinetic effects are known to occur with minute concentra¬ 
tions of electrolytes. Lachs and Biczyk^ in streaming potential experiments 
with glass capillaries in contact with ‘‘pure” water found that relatively large 
contact potentials were produced even with exceedingly small concentrations 
of dissolved material in the water (0.146 volt for water of specific conductiv¬ 
ity 0.72 X 10 mho.). 

Accordingly drop charges were measured with the same materials suspend¬ 
ed in KCl solutions of various concentrations. Stronger solutions than those 
mentioned below could not be used because of the sweeping through the field 
of large gas bubbles liberated at the electrodes by electrolysis. From the 
results, as shown in Table IV and Fig. 3, it is seen that the addition of electro¬ 
lyte to water has increased the electrical charges on the drops and this increase 
is roughly proportional to the concentration of the added KCl. That this 
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Table IV 

Collected Results of Charge Measurements with Vertical Electrical Field 


Material 

Potential 

Gradient 

X 

(volts/cm.) 

Mobility 
of Drop 
V/X 

(cm./sec./ 

volt/cm.) 

X 10* 

Radius of 
Drop 
r 

cm. 

X 10® 

Total Drop 
Charge 

N 

(electronic 

charges) 

X 10 "® 

Charge 

Density 

<r 

(electronic 

charges) 

X 10 "* 

Oleic acid 

8.3 

0.76 

1.62 

i-S 

4.4 


16.7 

0.7s 

2.27 

2.0 

31 


2S 

0.68 

2.66 

2.1 

2.4 


33-3 

0.56 

2.80 

2.3 

2.4 

Stearic 

8.3 

00 

0 

M 

1.82 

2.4 

5.7 

acid 

16.7 

I .07 

2.56 

2 . 2 

3-9 


25 

1.06 

312 

2.9 

3-2 

Stearic acid 

8.3 

1-37 

2.04 

3-3 

6.3 

in 0.00001 N 

16.7 

1.18 

2.68 

3-7 

4.1 

KCl 

25 

1.14 

3-24 

4-4 

3-3 

Stearic acid 

8.3 

2.14 

2.56 

6.5 

7*9 

in 






0.0001 N KCl 

2 S 

1.58 

3 80 

7 -S 

3-9 

Tetradecane 

25 

0.81 

1.99 

1.9 

3-8 


33-3 

0.84 

2.34 

2-3 

3-4 

Tetradecane 






in 






0.00001 N 

KCl 

25 

I 03 

2.24 

2.7 

4-3 

Tetrahydro- 

8.3 

0.90 

4.26 

4-5 

2.0 

naphthalene 

16.7 

0.92 

6.10 

6.7 

1-4 


2S 

0.78 

6.86 

6-3 

1.1 


33-3 

0-75 

6.71 

6.7 

0.9 


ResuUa of McBain and Williams 
(Cetyl aulphonic acid-water interface) 


Air bubbles 

36.6 


I.O 

2.0 

12.4 

Air bubbles 

13-3 


i.S 

2.4 

8.3 

Benzene drops 

36.6 


4.1 

S -9 

2.8 
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larger charge was actually due to ionic adsorption was demonstrated by the 
marked decrease in conductivity of the electrolyte solutions shown by inde¬ 
pendent measurements made before and after the drops of insoluble^liquid had 
passed through them. , ' 

Experiments with Reversed Phases: Water in Tetrahydronaphthalene, The 
apparatus was modified as shown in Fig. 2 to permit its use with the phases 




Ficj. 3 

■ Oleic Acid in Water 
▲ Stearic Acid in Water 
▼ Stearic Acid in 0.00001 N KCl 
-f Stearic Acid in 0.0001 N KCl 
O n-Tetradecane in Water 
• Tetrahydronaphthalene in W'^aier 


reversed, in which case the drops tend to fall through the dispersion medium. 
Observations were made on drops of water suspended in tetrahydronaph¬ 
thalene. 

When potential gradients up to 33 volts/cm. were applied, no effects what¬ 
ever were produced on the motion of the water drops. The droplets continued 
to fall with unchanged velocity. This result is in harmony with the view that 
electrokinetic effects depend on the dissociation of free ions from the interface 
or from an adsorbed ionic layer at the interface and require an ionizing solvent 
for the external medium. With water drops in tetrahydronaphthalene the 
same interface exists as with the phases reversed but with the difference that 
in the former case both the adsorbed ions giving a charge to the interface 
and the free ions in the solution compensating this charge are self-contained 
within the drop and are not relatively displaceable in the electric field. 
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The Variaiion in Surface Density of Charge with Radius of Drop. Table 
IV and Fig. 3 show that the value of the charge density obtained in any series 
of experiments depends on the potential gradient used, whereas one would 
expect a constant charge per unit area on drops such as these where the radius 
of curvature is large compared with molecular size. Now combination of 
equations 2 and 3 with the formula for charge density, 

(7 = e/ (47r r^ X 4*774 X iq-^®), (4) 



■ Oleic Acid in Water 
A Stearic Acid in Water 
▼ Stearic Acid in 0.00001 N KCl 
Stearic Acid in 0.0001 N KCl 
O n-Tetradecane in Water 
• Tetrahydronaphthalene in Water 



Fig. 5 

■ Oleic Acid in Water 
A Stearic Acid in Water 
▼ Stearic Acid in 0.00001 N KCl 
-h Stearic Acid in 0.0001 N KCl 
O n-Tetradecane in Water 
• Tetrahydronaphthalene in Water 


leads to the conclusion that the radii of drops just balanced by the electric 
fields should be directly proportional to the potential gradients, if the charge 
density is constant; that is, 

r/X = Kc7 (K = s-s') g/3 X 4.774 X (5) 

The relations experimentally obtained are plotted in Fig. 4 and it is ap« 
parent that r/X is actually varying, though the slope of each curve seems to 
be approaching a constant Umiting value with the larger drops, corresponding 
to a constant, minimum value of the charge per unit area. Potential gradients 
of the magnitude employed probably do not themselves affect the charge 
density, but merely select drops of a certain size. The free electrical charge 
per square centimeter appears, therefore, to be a direct function of the radius 
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of the drop rather than of the field strength.* A hint as to the form of the 
function is given by the observations of various workers (see the paper of 
Abramson^ for an extensive list of references) that the electrical mobilities of 
very small drops are independent of the size. Equations 6 and 4 show that if 
V' is independent of r, <r must be a hyperbolic function of the radius. This is 
consistent with the forms of the curves in Fig. 5, which show a striking increase 
in the charge densities of the smaller drops. 

II. Experiments with Electrical Field perpendicular 
to the Gravitational Field 

McBain and Williams believed that their method must give only minimum 
values for the electrical charges because the assumptions underlying the 
calculations do not take account of possible electrosmotic streaming effects 
due to the migration of ions of opposite sign past the stationary drop. They 
point out that as a necessary consequence of the Laing formulation® of elec¬ 
trical conductivity, there must be a movement of the solvent with respect to 
any charged particle which is held stationary by mechanical constraint (grav¬ 
ity, in this case). This amounts to superposition on the gravitational force of 
an additional, frictional force acting on the drop in a direction opposite to that 
of the electrical field. 

It should be possible to evaluate this frictional force, which we shall de¬ 
note by the symbol F^o, by measuring the cataphoretic velocity of the drops 
in a horizontal electrical field. The electrical force, Xe, exerted on a drop by a 
horizontal field of strength X must also be the force exerted in the opposite 
direction on the ions which have dissociated from the surface of the drop, 
since the system is electrically neutral. Now when equilibrium is reached the 
force impelling the droplets or ions through the medium is just balanced by 
the frictional drag of the medium, and both the droplets and the ions will have 
attained constant velocities. Since the opposing electrical forces (on drop 
and ions respectively) are equal, the resulting frictional effect of each on the 
medium must be the same, so that no resultant motion is imparted to the 
medium. Stokes’ law should therefore be applicable to the migration of the 
particles or drops and the electrical force determinable from the observed 
velocity V'. 

Xe = 6 TT r 77 V' (6) 

On the basis of this reasoning equation 3 must be rewritten 

Xe = Fg + Feo. (7) 

If the dropk;ts to which equations 6 and 7 apply have equal radii and the 
same materials are used, the values of Xe may be equated and the value of 
the force Feo calculated from the remaining quantities, all of which are known. 

Appavcitus* In order to make the measurements suggested we made use of 
the apparatus represented in Fig. 6. The drops were generated as before and 

♦ Very large ffadiente might have the effect of displacing adsorbed ions normally held 
immobile in smaller fields, thus increasing the mobilities of the drops and their charge 
densities. ^ 
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observed as they moved in the region between the two electrodes. The arms 
containing the electrodes were connected by open tubes to the observation 
tube to prevent the development of back hydrostatic pressure in case elec- 
trosmotic currents should be set up. An additional pair of parallel cross hairs 
was installed in the telescope perpendicular to the original pair, and the width 
of the field intercepted by them was accurately measured. Vertical and 
horizontal velocities of a given drop could then be measured simultaneously 
by the use of two stop-watches. 

Procedure and Results. A series of 
measurements was made with drops of 
a benzene solution of stearic acid sus¬ 
pended in conductivity water. The 
freshly formed drops rose steadily up¬ 
ward through the field of view. When 
the electrical field was applied, the 
droplets at first moved rapidly in the 
direction of the positive electrode and 
then slowed down to constant velocities. 

About ten to fifteen seconds sufficed for 
attainment of the steady state. The 
two forces, gravitational and electrical, 
were now acting at a right angle to 
each other, resulting in a diagonal mo¬ 
tion of the drops across the rectangular 
field defined by the cross hairs. 

The results of the observations are 
given in Table V. Column 5 shows the 
charge density calculated from the 
horizontal velocity by use of equation 
6. Column 6 shows the corresponding 
value read off the graph of Fig. 5 for the charge density found on a drop of 
the same size in the vertical field measurements. 

Table V demonstrates that within the limits of accuracy obtainable in the 
experiments the charge densities determined by the two methods are prac¬ 
tically identical. The null-point method of McBain and Williams is thus 
shown to be valid for the measurement of the mobilities of charged particles 
in a liquid medium and therefore constitutes a convenient means of deter¬ 
mining cataphoretic velocities. 

Whether the drop charges deduced from these experiments are true values, 
however, is open to question. It has been suggested^ that the frictional re¬ 
sistance to the motion of the drop through the electrical field may be much 
greater than that calculated by the Stokes formula used, and a much larger 
number of electrical charges would be required to account for the velocities 
measured. This would require replacing the simple formula for frictional 
resistance by a different function of radius and velocity which would take 
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Table V 

Comparison of the Charfi;es measured by Horizontal and by 
Vertical Electrical Fields 
(Stearic acid-Water) 

Drops timed through horizontal distance 0.123 cm. 

Drops timed through vertical distance 0.128 cm. 

Horizontal potential gradient 25 volts/cm. 

Distance between electrodes 3 cm. 


Drop 

Vertical 

Velocity 

cm./sec. 

Radius 

cm. 

Horizontal 

Velocity 

cm./sec. 

Charge 
Density 
(hor. field) 
X io ”3 

Charge 
Density 
(vert, field 
X lo-* 

Ratio 

) 


V 

r 

V' 

a' 

O’ 

Q* la 

I 

0.016 

0.0024 

0 

b 

2.7 

4.0 

0,7 

2 

0.047 

0.0041 

0.035 

3-3 

2.5+ 

1-3 

3 

0.016 

0.0024 

0.023 

3-6 

4.0 

0.9 

4 
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account of the distance between the charges of opposite sign which are being 
displaced relative to each other. 

It should be noted that such a substitution would probably alter all the 
values of the drop charges in the same proportion and would therefore not 
rob of significance relations discovered between the relative values of the 
charges on the drops, particularly the similarity in the charges found on inter¬ 
faces of dissimilar chemical nature. 

Summary 

1. The null-point method of McBain and Williams has been used to 
measure the free electrical charges on small drops of various insoluble liquids 
in water and electrolyte solutions. 

2. The charges per square centimeter on fatty acid-water interfaces were 
found to be i/100,000th the number possible for a surface completely covered 
with fatty acid ions. 
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3. Drops of liquid hydrocarbons in water showed practically the same 
charge as that found for the fatty acids. 

4. The electrical charges were increased by the addition of potassium 
chloride to the water. Measurements of conductivity showed that adsorption 
had taken place on the drops. 

5. Drops of water in a liquid hydrocarbon were unaffected by an elec¬ 
trical field. 

6. Independent measurements of cataphoretic velocity with a horizontal 
electrical field and the same materials gave values for the charge densities 
differing but slightly from those obtained by the null-point method. 

7. The densities of charge on drops of various sizes were found to increase 
rapidly with diminishing radius. 
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THE COHERER METHOD OF DETERMINING HEATS OF 
ADSORPTION* 

BY SAMUKL LENHER AND G. HARVEY CAMERON 

Introduction 

The direct determination ot heats of adsorption of gases on solids is of 
importance in the field of contact catalysis. Heats of adsorption can be 
calculated from the Clausius-Clapeyron equation applied to adsorption 
isotherms. This method, however, has all the disadvantages of an indirect 
calculation. Calorimetric determinations of heats of adsorption have been 
made by several investigators^ using finely divided catalysts. While the 
calorimetric method yields valuable results it is so cumbersome that its 
application has been limited. 

A method of great experimental simplicity for measuring heats of adsorption 
has recently been described by Palmer.^ Two loosely touching metallic (or 
carbon) filaments are caused to cohere by applying a small potential difference 
across the junction, the resistance of which decreases markedly as a result 
of the act. Palmer assumes that, the action of the coherer is due to the 
evaporation of an adsorbed film of the gas in which the coherer is immersed 
and that the heat of adsorption of the gas on the filaments can be computed 
from the minimum voltage required to cause coherence. 

The use of the coherer should present distinct advantages for the investi¬ 
gation of heats of adsorption, for the technique allows only true surface 
films to play a part in the measurements. Adsorption is assumed to take 
place on the relatively non-porous surface of a fine metal filament which can 
be easily heat-treated and which should remain with an unchanged surface 
activity throughout a series of measurements. The cohering test in vacuum is 
taken as a test of the cleanness of the surface from the gas studied or from con¬ 
tamination. 


E3q)eriment Details 

The apparatus (see Fig. i) was similar to that described by Palmer.^ 
The coherer consisted, in most of the work, of tungsten filaments 0.02 mm. in 
diameter welded to heavier tungsten leads. One of these was sealed into the 
bulb, F; the other was scaled through a ground glass stopper which permitted 
adjustment of the contact. The potential was applied by charging the con- 


* Contribution No. 69 from the Experimental Station, E. I. du Pont de Nemours and 
Company, Wilmington, Delaware. 

' Foresti: Gazz., 53 , 487 (1923); Beebe and Taylor: J. Am. Chem. Soc., 46 , 43 (1924); 
Garner and McKie: J. Cnem. Soc., 1927 , 2451; H. S. Taylor and Kistiakowsky: Z. physik. 
Chem., 125 , 341 (1927); G. B. Taylor, Kistiakowsky and Perry: J. Phys. Chem., 34* 748 
(1930); Flosdorf and Kistiakowsky: 39 , 1907 (1930); Keyes and Marshall: J. Am. Chem. 
Soc., 49 , 156 (1927); Gamer and Kingman: Nature, 126 , 352 (1930). 

2 Palmer: Proc. Roy. Soc., 106 A, 55 (1924); HO, 133 (1926); 115 , 227 (1927); 122, 487 
(1929). 
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denser, C, of 0.0192 microfarads capacity by the potentiometer P and con¬ 
necting it at once to the coherer. The insulation of the condenser was tested 
with a Dolezalek electrometer; the loss of charge in one minute was 0.24 per 
cent at one volt. The chromel-alumel thermocouple, T, at ioo-2oo®C. sup¬ 
plied a small potential to test the junction for coherence. 

The bulb was heated with a flame several times while evacuating to re¬ 
move volatile impurities, and the filaments were heated electrically before 
each series of measurements. All switches were of the mercury cup type. 
The apparatus was sufficiently removed from X-ray machines and other 
sources of electrical disturbance to avoid coherence from effects of this kind. 



Fig. I 

Coherer Circuit 


The bulb was evacuated with a mercury pump; pressures were read on a 
McLeod gauge and a mercury manometer. The gases used, oxygen, nitrogen, 
and hydrogen, were taken from commercial cylinders and stored in evacuated 
bulbs in contact with anhydrous magnesium perchlorate. Nitrogen and 
hydrogen were freed from oxygen by passing over hot reduced nickel. In 
some of the experiments a liquid-air trap was attached immediately in front 
of the bulb F to remove water and mercury vapor. 

In spite of careful attention to all the precautions mentioned by Palmer, 
reproducible cohering voltages could not be obtained. The cohering voltages 
in vacuum; and at various pressures of nitrogen, hydrogen, and oxygen were 
equally erratic. For example, in one of a large number of experiments the 
apparatus was evacuated and hydrogen admitted. The filaments were 
glowed at a bright red heat. At a pressure of 115 mm. the filaments cohered 
once out of six times at i.o volts and four out of five times at 1.5 volts. The 
following day, under the same conditions, out of six trials at each voltage 
they cohered twice at 0.5 volts, once at 2.0, once at 3.0, three times at 6,0, and 
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five times at 7.0 volts. New filaments were put in and glowed out in hydrogen; 
out of 30 attempts the filaments cohered only three times at voltages between 
0.5 and 4.0 volts after which coherence could not be obtained at all even at 16 
volts. It was observed several times that a pair of filaments would cohere at a 
comparatively low voltage but after tapping off would not cohere again until a 
higher voltage applied. Although a great variety of conditions was tried no 
reason for the erratic behavior could be found. 

Discussion 

Even under the most carefully controlled experimental conditions it has 
been found impossible to obtain reproducible effects, and consequently 
Palmer’s results have not been confirmed. If Palmer’s assumed mechanism 
for the action of the coherer were correct, it should be possible to repeat the 
operation at a given voltage any number of times provided the surface was 
not altered by the cohering act. We found, on the other hand, that some 
factors other than the voltage were instrumental in determining whether 
coherence occurred or not. In other words, the filaments rarely cohered 
every time the potential was applied at any voltage and no more frequently 
at five volts than at one volt in many cases. Furthermore, the lapse of time 
between applications of the potential seemed to play a part in determining 
the subsequent behavior. We observed also in many cases a weak coherence; 
i.e., the resistance of the junction as indicated by thermocouple and gal¬ 
vanometer did not drop to the usual low value. 

Palmer’s assumed mechanism was based on the work of Branly® who ex¬ 
perimented with a coherer consisting of two plane metallic discs separated 
by a thin sheet of a solid dielectric. Branly believed that the action of this 
coherer was to be attributed to a sudden increase in the conductivity of the 
dielectric, and consequently that in the ordinary form of coherer the contacts 
must be separated by an insulating layer which becomes conducting under the 
influence of a small potential and regains its insulating power when the con¬ 
tact is tapped. 

Shaw and Garrett^ measured the force required to break a coherer contact 
and found it to be of the order of magnitude of the tensile strength of the 
metal. They calculated that there was sufficient heat developed to weld the 
minute areas in contact and concluded that this was the correct explanation 
of the effect. On this basis it seems probable that the gaseous atmosphere 
would influence the potential required to actuate the coherer by altering the 
character of the surface, especially after the filaments had cohered a few 
times. This might account qualitatively for some of the effects observed by 
Palmer. 

The heat treatment of the tungsten filaments used by Palmer was not 
sufficient to remove the oxygen from the stable film of tungsten oxide on a 
tungsten surface according to the work of Langmuir.® 

«Branly: Compt. rend., 155 , 933 (1912). 

* Shaw and Garrett; Phil. Mag., 8, 165 (1904). 

* Langmuir: Trans. Faraday Soc., 17 , 608 (1922). 
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In a recent theoretical paper based on the quantum mechanics Ehrenberg 
and H6nl® have shown that metallic contact is not essential to coherence. 
Their work indicates that the resistance of a contact has already dropped to a 
very low figure when the surfaces are still of the order of lo Angstroms apart. 

Heats of adsorption calculated by Palmer from “critical” cohering volt¬ 
ages do not agree even in order of magnitude with the findings of other in¬ 
vestigators. Table I shows the striking disagreement between Palmer’s 

Table I 

Hmt of Adsorption in jjeat of lique- 

Calones/gram mol. faction of the 



Palmer 

Taylor, Kistia¬ 
kowsky and Perry 

gas in calories 

Hydrogen 

160 

12,000 

200 

Sulfur dioxide 

5340 

25,000 

5800 

Oxygen 

1200 

120,000 

1950 

(’arbon dioxide 

750 

30,000 

. 1440 


values and those of Taylor, Kistiakowsky and Perry^ for the heats of adsorp¬ 
tion of several gases on platinum. The latter measurements were made 
calorimetrically on a powdered catalyst. 

Summary 

The repetition of some of Palmer’s experiments on the coherer method of 
determining heats of adsorption has given very erratic values for the cohering 
voltages of tungsten filaments in hydrogen, oxygen, nitrogen, and in vacuum. 
Objections are raised to the mechanism of the cohering act assumed by 
Palmer which are based on the present experiments and on the work of 
previous investigators. 

* Ehrenberg and Honl: Z. Physik, 68, 289 (1931). 

’ Taylor, Kistiakowsky and Perry: J. Phys. Chem., 34 , 799 (1930). 
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WATER 


J. P. SANDERS AND J. T. DOBBINS 

Introductioa 

The nlltflli elements cesium, rubidium, potassium and sodium form alums 
with aluminum. Cesium forms the most stable alum, the stability decreasing 
with increase in atomic weight from cesium down to sodium. Since lithium 
has a lower atomic weight than sodium and is also a type element, it is of 
interest to know if this element forms an alum under any conditions. Pre¬ 
vious investigators seem uncertain as to the formation of an alum by lithium 
and aluminum. 

The system, lithium sulphate-aluminum sulphate-water has not been 
studied to any great extent. Kralovansky* stated that Uthium aluminum 
sulphate—Li*S04.Alj(S04)s.24Hj0,—is formed on evaporation of a mixed 
solution of Uthium sulphate and aluminum sulphate below 11.° Rammels- 
berg‘ was not able to prepare the double sulphate and states that it does not 
exist. Schreinemakers and de Waal* made a more systematic study of the 
system and found that only the solid phases, LijS04.Hs0 and Ms(S04)s.i8Ht0 
are present at 30®. They found that when an unsaturated solution containing 
equivalent quantities of lithium sulphate and aluminum sulphate was evap¬ 
orated at constant temperature crystals of Ali(S04)s.i8Hs0 alone separated. 

As Kralovansky claimed to have obtained a lithium alum at 11° it was 
thought that possibly it might become a stable phase at a temperature below 
that at which Schreinemakers and de Waal worked. Therefore, the isotherm 
at zero centigrade, was determined. 

Experimental Procedure 

A series of solutions was prepared from lithium sulphate and aluminum 
sulphate by adding solid lithium sulphate to solutions of varying concentra¬ 
tions of aluminum sulphate in some cases and solid aluminum sulphate to 
solutions of lithium sulphate in others until a solid phase remained in contact 
with solution. These solutions were kept immersed in an ice box containing 
crushed ice and water for six months. During this time the solutions were 
shaken several times each day. 

Sampling 

The solutions were sampled by pipetting and weighing small quantities 
of the clear solution from the bottles and making up to a known volume. 

The residues were sampled by dipping the solid from the bottles, draining 
the liquid, weighing the wet soUds, dissolving and making to a known volume 
as in the case of the liquids. 

‘ Schweigger’s J., 54 ,349 (1928). 

* Sitzungsber. Akad. Win. ^rlin, 1848 , 385. 

• Chem. Weekblad, 3 , 539 (1906). 
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Methods of Analysis 

Sulphates—The sulphates were determined by precipitating with excess 
lead nitrate in solution and titrating the excess lead nitrate with sodium 
molybdate according to the method used by Wiley^ for the volumetric de¬ 
termination of lead. This method was tested satisfactorily before the analysis 
of this system was undertaken. 

Aluminum—The aluminum was determined by the precipitation of 
aluminum with lithium chloride and igniting the precipitate to zLitO.sAljOt. 
The procedure consists in adding an excess of lithium chloride solution to the 
sample of aluminum and making the solution just alkaline with ammonium 
hydroxide. The precipitate is washed, ignited and weighed as aLitO.sAljOi. 

Lithium—The lithium was calculated from the sulphate in excess of that 
equivalent to aluminum. 

The composition of the solid phase was determined from analysis of the 
wet residue, by use of tie-lines. 

Experimental Results 

Table I 

Composition of Solutions and Corresponding Residues in the System: Lithium 
Sulphate-Aluminum Sulphate-Water at Zero 
Solution Residue 


A 1 ,(S 04)3 

Li,S 04 

AU(S 04 ), 

Li,S 04 

per cent 

per cent 

per cent 

per cent 

27.02 

0 



26.30 

0-99 



23.30 

4 -Si 



20.IS 

8.63 



1931 

10.10 

40.10 

3 -SS 

19.00 

10.61 

36.51 

5-09 

18.14 

11.40 



17.80 

12.80 



16.60 

14-65 

38.01 

5-79 

16.10 

IS-90 

0 

00 

M 

13.10 

13-35 

17-05 

II-SS 

26.55 

11-43 

18.52 

5-48 

54-01 

9.09 

19-59 

2.56 

61.03 

7-49 

20.09 



6-39 

20.67 



4-73 

21.96 



2.31 

23-39 



0 

25-43 




* lod^ Eng. Chem., Anal. Ed., 2 ,134 (1930). 
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Discussion of Results 

The results are plotted in Fig. i. The values are plotted as a three-com¬ 
ponent system: lithium sulphate-aluminum sulphate-water. The curve 
represented by continuous lines and points represented by circles indicate 
the results obtained at zero degrees. The curve of Schreinemakers and deWaal 
is represented by broken lines and points by X. Curve aPs shows the various 
concentrations of lithium sulphate and aluminum sulphate in contact with 
Al2(S04).i8H20 as solid phase and curve Pab the concentrations with Li2S04. 
H2O as solid phase. There is no indication of the existence of a lithium alum 
at this temperature. 



Fig. I 

Mutual Solubilities of Lithium Sulphate and Aluminum Sulphate in Water 
at Zero and 30 and 50 Degrees. 


The results indicate that the solubility of each salt decreases with the 
increase in concentration of the other. On comparing the results with those 
found by Schreinemakers and de Waal at 30°, it will be seen that a change of 
temperature does not have very much effect on the solubility of lithium 
sulphate in the presence of aluminum- sulphate, whereas, the lowering of the 
temperature decreases materially the solubility of aluminum sulphate in the 
presence of lithium sulphate. Lithium sulphate is slightly more soluble at 
zero degrees than at 30°. 

After the completion of the investigation of the system at zero degrees 
and comparing the results with those obtained by Schreinemakers and 
de Waal at 30®, it was decided to determine the transition point for the 
system at 50®. At this point the solution was found to contain 24.74 per 
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cent of aluminum sulphate and 11.93 P®r cent of lithium sulphate. The 
transition point at 50® is represented by Pi; that at 30 degrees by Ps and that 
at zero degrees by Ps in Fig. i. When the concentrations at the transition 
points at the three temperatures are compared, it is seen that as the tem¬ 
perature rises the lithium sulphate becomes less soluble and the aluminum 
sulphate more soluble. The transition point was determined at 25 degrees, 
the point is represented by P4. The solution contained 19.75% Al2(S04)j and 
13-55% LisS 04 . 

Conclusions 

1. In the system lithium sulphate-aluminum sulphate-water no lithium 
aluminum alum exists as a stable solid between zero and fifty degrees. 

2. Lithium sulphate mono-hydrate and aluminum sulphate octodeca- 
hydrate are alone stable solid phases in contact with aqueous solutions be¬ 
tween zero and fifty degrees. 

3. The salts depress mutually the solubility of each other. 

4. Change of temperature does not have much effect on the solubility 
of lithium sulphate in presence of aluminum sulphate. The lo\frcring of the 
temperature decreases the solubility of aluminum sulphate in the presence of 
lithium sulphate. 

5. The increase in temperature displaces the transition point in the direc¬ 
tion of higher concentration of aluminum sulphate and lower concentration 
of sodium sulphate. 

University of North Carolina^ 

Chapel Hilly North Carolina. 



ANILINE AND METHYL CHLORIDE* 


BY WILDER D. BANCROFT AND BURTON C. BELDEN 

One finds the statement in reference books of organic chemistry^ that 
methyl chloride acts upon boiling or hot aniline to produce a mixture of the 
hydrochlorides of methyl aniline and dimethyl aniline, the statement being 
based upon the work by A. W. Hofmann- in which he investigated the action 
of methyl chloride, bromide, and iodide upon aniline. No claim has ever been 
made, so far as the authors are aware, that aniline and methyl chloride will 
react with each other at room temperature. 

In the course of Phase Rule investigations in this laboratory, using the 
methods and apparatus of Bancroft and Barnett,® we had occasion to inves¬ 
tigate the action of methyl chloride gas upon liquid aniline and we observed 
that there is a slow interaction between the two even at 2 5°C. A ten-gram 
sample of aniline, for instance, in the presence of an atmosphere^s pressure of 
methyl chloride, showed in the course of six hours the formation of a per¬ 
ceptible amount of a solid phase which had the appearance of a reddish-purple 
slush. Methyl chloride continued to be taken up slowly, so that at the end 
of 40 days 88% of one equivalent of the gas had been consumed, and at the 
end of 102 days the reaction apparently had come to a stop with 99.5% of 
one equivalent of methyl chloride bound by the aniline. At this point 5.398 
milligrams of methyl chloride were held by the aniline, which represents 540 
milligrams per gram aniline. The calculated amount is 543 milligrams of the 
gas per gram aniline, assuming the combination to be that of one mole of 
methyl chloride with one mole of aniline. At the completion of the reaction 
the content of the reaction flask was a solid mass of magenta color. 

This reaction, naturally enough, proceeds much more rapidly at elevated 
temperatures; a sample of 1.97 grams aniline, for instance, held at io5®(y., 
combined with 88% of one equivalent of methyl chloride in the course of 
forty-eight hours. The resulting solid had the same appearance as in the 
previous experiment carried on at room temperature, except that a little 
solid sublimed into the upper regions of the reaction flask, forming white, 
needle-like crystals. The increased speed of the reaction was due in part to 
the smaller aniline sample used, giving a relatively larger surface, but the 
principal factor was the increased temperature. 

Aniline is soluble in ether; methyl aniline hydrochloride is insoluble. A 
sample of 1.45 grams aniline, treated for a convenient length of time (but 

•This work is done under the programme now being carried out at Cornell University 
and supported in part by a grant from the Heckscher Foundation for the Advancement of 
research established by August Heckscher at Cornell University. 

1 Beilstein: ‘Handbuch der organischen Chemie/^ 12, 72 (1877). 

2Ber., 10, 594 (1877). 

»Bancroft and Barnett: J. Phys. Chem., 34 , 449 (1930); Belden: J. Phys. Chem., 35 , 
2164 ( 1930 * 
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not until the reaction was complete) with methyl chloride, was extracted 
with ether to remove the unconverted aniline. The resulting solid material 
was readily soluble in water and gave instantly a silver chloride precipitate 
when dropped into silver nitrate solution, which showed the solid to be a 
hydrochloride. Methyl chloride gas, bubbled through silver nitrate solution, 
clouds the silver nitrate little, if any, in the course of an hour. 

The purple appearance of this solid might suggest a considerable conver¬ 
sion of the original aniline into a colored substance. The purple material 
proved to be insoluble in ether, and soluble in water and ethyl alcohol. The 
hydrochloride of the previous paragraph was dissolved in water and then 
neutralized with N/20 sodium hydroxide, using brom thymol blue indicator 
whose color change could be seen even in the presence of the magenta colora¬ 
tion. The resulting methyl aniline (and perhaps dimethyl aniline) was 
extracted with ether, leaving in the water layer the purple coloration and the 
sodium chloride resulting from the neutralization. On evaporation of this 
solution on a steam bath, the color intensified slightly and proceeded to 
disappear, leaving at dryness sodium chloride crystals and almost nothing 
else. We conclude from this that during the reaction of aniline with methyl 
chloride a small amount of an aniline dye of intense color is formed and that 
there is not a considerable conversion into this colored substance. 

We were interested further to learn the nature of the reaction, if any, 
between methyl chloride and biuret. We found that methyl chloride and 
biuret appear not to react at all with each other in this same apparatus at 
temperatures up to ioo®C. We tried passing the gas over powdered biuret 
in a U-tube at temperatures up to the decomposition point (igo^C.) of the 
solid; the product of the reaction of biuret with methyl chloride should be 
one or more molecules of HCl, which could be readily identified by passing 
the gas through silver nitrate solution. Above i4o®C. we obtained a notice¬ 
able evolution of HCl gas. However, the weight of the solid decreased during 
the process, which is not what should happen if biuret is being converted 
into methyl biuret. We surmised that the one molecule of water with which 
biuret crystallizes had not been removed completely in drying the solid. 
After drying the solid more carefully to a constant weight, we were unable 
to obtain evidence of any reaction with methyl chloride up to i8o®C., at 
which temperature the biuret commenced to sublime out of the U-tube. 

The conclusions to be drawn from this paper are these: 

1. Methyl chloride reacts with aniline slowly at room temperature to 
form a magenta-colored solid. The solid is principally methyl aniline hydro¬ 
chloride with a small amount of intense dye. 

2. The same reaction occurs much more rapidly at io5°C. 

3. Methyl chloride does not react with dry biuret at any point below 
i8o®C. 

The authors are indebted to the Roessler and Hasslacher Chemical 
Company for methyl chloride (Arctic Gas). 


ComeU University, 
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The Industrial Development of Searles Lake Brines. By John E. Teeple. 2 S y, 16 cm; 
pp. 182 , New York: Chemical Catalog Company, 1929 . Price: $ 3 . 00 . In the preface the 
author says: ‘*My associates really include all the men who actually contributed to the 
manufacture or marketing of the products, or to research, or to design and construction of 
the plant. Many of their names will bo found on the pages in connection with specific 
parts of the work. But it was an organized piece of cooperation in which it would be difficult 
and probably useless to evaluate just what each one of us contributed, beyond saying that 
we saw it all and were a part of it.” 

“This book has two purposes. First, to add to the record of scientific literature certain 
phase rule diagrams and data. This information was necessary to the work of Trona; it 
belongs to the American Potash and Chemical Corporation, was done at their initiative 
and was paid for with their money. It has now largely served its original purpose, and 
normally would have spent the rest of its existence buried in their files. The American 
Potash and Chemical Corporation in consenting to the publication of these data has per¬ 
formed a courteous act. One could wish that other chemical corporations would likewise 
release data from their files when it can be done without furnishing ammunition to direct 
competitors. Scientific information is about the only valuable commodity we are accus¬ 
tomed to bury for fear someone else might derive benefit from it. 

“The second purpose of the book is to give a short story of the application of research, 
technology and common sense to the development of a potash and borax business. This 
story of the diagnosis of a situation in an industry and the course of development which 
led to success is not such an uncommon thing; in fact it is all in the day^s work, so why write 
a book about it? The answer lies in the very peculiar attitude that was manifested toward 
the development of a potash industry in this country. During the World War potash was 
news. Anyone could be sure of making the front page by talking about potash and how 
this country was becoming independent of Germany. With peace came a ohange. College 
professors, bankers, business men, chemists and ministers of the Gospel now granted inter¬ 
views freely to prove that this country could not hope to produce potash successfully in 
times of peace. Many of the interviews, possibly inspired, were circulated by a well-known 
advertising agency. The opposition to American potash was apparently deep seated, based 
on faith and belief rather than on facts or logic. Few things are more aggravating and often 
harmful than loud and dogmatic assertions that a given thing cannot be done, coming from 
people who obviously are in no position to judge whether it can be or not. I think we all 
react to this in much the same way; we look back of the loud speakers to see who is broad¬ 
casting; that tells us who is most afraid that the thing can be done; then we proceed to do it. 
The plant at Trona undertook to manufacture two staple products, potash and borax, in 
competition with two world monopolies. Today it has by far the largest borax plant in the 
world, and one of the largest potash plants. This was accomplished without governmental 
assistance from tariff or otherwise, and the business is profitable and still young. Since the 
record that it could not be done was so voluminous it seems w^ell to make note of the fact 
that it has been done. 

“This book does not contain detailed descriptions or processes, nor scale drawings or 
apparatus. The former are not so antiquated nor the latter sufficiently obsolete to permit 
their publication yet. Anyone intelligent enough to use that kind of information will know 
better than to expect it here,” p. 7 

The crystallized salts in Searles Lake consist of halite (NaCl), trona (Na2C08.NaHC08. 
2H2O), hanksite (9Na2SO4.2Na2CO8.KCl), borax (Na2B407.ioH20) and glaserite (3K2SO4. 
Na«S04). On the equilibrium diagrams there occur in addition: burkeite (2Na2S04.Na2C08) 
and the unnamed salts Na2C08.K2C08, K2CO8.2KHCO8.3H2O, Na2B2O4.2NaCl.4H2O, 
Na2B204.2Na8P04.36H20, and Na2B204.2Na8A804.36H20. 
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consider some of the evaporation problems for a moment, probably the most 
serious one was foaming. We are all familiar with this phenomenon in commercial evapora¬ 
tion and there are several well-known methods for handling such liquors, but I have never 
seen such pernicious, persistent and aggravating foam in a regular operation. At times the 
condenser water was actually richer in potash than the raw brine fed to the pans. Unless 
this could be controlled either the losses of potash from partly evaporated liquor would be 
enormous, or the pans must be operated at such slow rate that production would be neg¬ 
ligible. 

^In my first report I find the following comment: ^At present in the plant they are adding 
a small amount of oil to the pans to cut down the foaming. This, too, is a tradition. I did 
not find out who started it, on what theory it was based, or what work had been done to 
indicate whether it was beneficial or not.’ The use of oil on foamy liquids is very common 
and often effective, but why in this case use only an amount which was entirely inadequate? 
Why not add a proper amount to control the foam, rather than simply tease it? I asked 
the people in authority at the plant and the oldest operators. No one knew, or rather 
everyone knew but their explanations did not agree or did not sound reasonable. A majority 
felt sure, from tradition, that it would not do to add more oil, and they were right, as tradi¬ 
tions often are. One may have great respect for traditional conclusions but they are not 
entirely satisfying, so at a later date when we had small laboratory pans for studying the 
problem a trial of the oil showed that there was no foaming so long as a thin film remained 
on the surface. This film tended to disappear but a further addition of oil sufficient to keep 
a film always present kept the foam under complete control, evaporation proceeded at full 
speed and there was no obvious disadvantage; score—experiment i, tradition o. The ex- 
p>erimental result was exactly what one would expect, so we next started a full-size single¬ 
effect evaporator in the plant with instructions to run it at top speed and make sufficient 
additions of the oil to keep a slight film alw'ays present on the surface and control foaming. 
This was done, and for several hours that pan had no trouble with foam, and produced 
high-grade concentrated liquor at a rate never before seen by the awed beholders. The 
operation w^as a complete success—in the evaporation house—^but the patient died in the 
crystallizing house. After about twenty-four hours spent in excavating filters, centrifugals, 
and other equipment which seemed buried under layers of concrete, the plant resumed 
operations, and we knew why you should never add enough of that oil to stop foaming. 

“I have mentioned that burkeite forms sparkling crystals of very high luster. The film 
of oil acts as a flotation agent and selects the burkeite crystals for attachment, then floats 
them over with the concentrated liquor to the crystallizing house where the mixture of 
crystal and oil acts like concrete. Tradition was finally right, without the faintest idea why. 

“In studying the question of foaming it seemed reasonable to suspect organic matter in 
the brine as the cause. Synthetic brine containing all known constituents excepting organic 
matter could be evaporated without difficulty. Natural brine after treatment with absor¬ 
bent carbon like Darco no longer foamed. In searching the watershed for organic matter 
which might be responsible, I selected greasewood as the probable source. The leaves of 
this very common plant appear as if coated with a varnish, easily soluble in very dilute 
alkalies, and a very small addition of this solution to a synthetic brine produces an excellent 
imitation of foamy natural brine. Probably a number of different organic materials are 
responsible, and more recent work at the plant by W. A. Gale indicates that the organic 
matter may be sodium salts of humic acid, and that its function is probably foam stabiliza¬ 
tion rather than foam formation, because its removal has little effect on surface tension. 

“We found many substances which would prevent foam, such as cholesterin, capric 
acid, pine oil, turpentine, rosin, turkey red oil, and amyl alcohol, most of these being im¬ 
practicable for use under vacuum evaporation. Finally R. W. Mumford worked out a 
practical one. The way to control this foam is to add soap or a fatty acid. This ended 
foaming as a serious trouble and made it certain that we should use steam evaporation and 
and not be compelled to resort to solar evaporation or some other makeshift,” p. 36. 

“Aside from the fixed charges incurred in obtaining ownership and in developing the 
2500 acres of salt body in the lake, the only cost of raw material for the plant is the cost 
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of pumping. Any basis for depletion charge which might become effective within a genera¬ 
tion is very difficult to figure. Amortization of cost of the property should be accomplished 
well within the life of the plant, but in fact this amortization becomes a daily and not a per 
gallon charge, and we are left in the very peculiar situation ot being able to disregard the 
amount of raw material used. Whether we obtain a 20 per cent or a 100 per cent recovery 
of the potash and borax in the brine used means little to us, a few cents per ton at most, so 
long as the losses are confined to raw brine on w^hich no real work has been done. In evalu¬ 
ating mother liquors to see whether they should be discarded we can select a datum level 
of about 5 per cent KCl and 3 per cent borax. Anything below^ that level would naturally 
be discarded at once as w'orse than valueless. Anything richer than that has a value only 
equivalent to its excess content above the datum level minus any detriment or disadvantage 
from impurities that may be incurred by its use. This value also may easily be negative and 
the liquor should be discarded. I stress this point because chemists are so often urged to 
conserve resources and save everything, as though 100 per cent yields and no waste products 
were a sort of religious slogan that would pave the way to heaven. I can't quite agree with 
that point of view at all. A chemical plant is not a place for collecting and keeping family 
heirlooms on account of the sacred memories attached to them; it is a place for making 
things, and the best way to make things is by judicious w^aste of the unimportant so that 
you have room and time to devote entirely to the thing you are making. If there are those 
whose consciences might be hurt by such waste they may be reassured in this case, for all 
discarded materials are throwm directly back into the lake, just like little fishes, and so 
saved for posterity," p. 46. 

"Probably I do not make the same distinction between chemical engineers and chemists 
that is commonly made. From both one demands a certain knowledge of chemistry and a 
certain ability in the technic of handling materials. The distinction lies largely in the 
amount of material they need to have in hand in order to be at their very best level of 
thought. Both are engaged in the chemical transformation of matter, but a good chemical 
engineer thinks best and works best when he is dealing wnth tons. He can visualize and 
arrange his equipment better, his manipulations go more smoothly, his whole manner of 
thought is freer and clearer if he pictures a regular succession of tons of material flowing 
through an operation. A man well-adapted to development work, however, probably 
thinks best in pounds or hundreds of pounds. A chemist thinks best and works best in 
grams. You can convert a chemist into a chemical engineer by once getting him thoroughly 
interested in the idea of tonnages. If his mind is at all adapted to that quantity of matter 
his interest will be awakened and he will learn the technic of handling tons without a great 
deal of difficulty. On the other hand, it is not difficult to convert a chemical engineer into 
a chemist by interesting him in the quickness and accuracy with which he may obtain 
information from working only with grams instead of tons. If his mind is at all adapted to 
that quantity he will master the technic of handling grams. To my mind it is largely a 
question of the quantity of material the individual mind likes to consider at one time. To 
carry the comparison a little farther, I suppose we should say that a physical chemist is 
one who works best and thinks best with molecules rather than with grams or tons, probably 
not to exceed ten or a dozen molecules at one time, and the modern physicist is at his very 
best inside the spacious confines of a single atom," p. 51. 

"This is about all of the story to be told at present. The corporation is producing and 
marketing to-day between 20 per cent and 25 per cent of all the potash in America, but its 
output would make no real impression on the amount that America ought to use. It is 
making and marketing nearly half the borax and a considerable per cent of the boric acid 
that the whole world uses, but borax has extremely valuable properties, and if it is kept 
where it belongs, in the class of cheap chemicals, the world will use to advantage several 
times its present consumption. There is plenty of room for expansion and it seems probable 
that most of the borax of the near future will come from sources like Searles Lake, rather 
than from colemanite and other borax minerals as it did ten or fifteen years ago," p. 63. 

The first part of the book is entitled history and development and the chapters are 
headed: Searles Lake; early history; solubility and double salts; early plant operation; 
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special features of the operation; the present plant. The second part is entitled equilibrium 
data and diagrams. ^ There will be found included sixteen systems of two components, 
thirty-eight of three components, twenty-five of four components, six of five components, 
and one of six components, one component always being water. Some systems are given at a 
single temperature, others at four or five temperatures over a considerable range. This 
obviously does not exhaust the subject; far from it. Only those are given which we found 
it necessary to work out for our own purposes, and naturally not all of those.” 

The development of Searles Lake was an economic and scientific triumph for Teeple and 
for those who had confidence in Teeple. Teeple richly deserved the Perkin medal, which 
fortunately was awarded to him before his death. He succumbed to an operation w’hich his 
friends had expected would put him back in really good health once more. This book is 
valuable for the scientific data that it contains. It is also valuable because it is so written 
that it will give to those who did not have the privilege oi knowing Teeple personally some 
conception of the charm, ability, and personal honesty of the man. 

Wilder D. Bancroft 


Oceanography. By Henry B. Bigelow. SI X 14 cm; pp. x + S63. Boston and New 
York: Houghton Mifflin Company, 19S1. Price $2,50. The chapters are entitled: intro¬ 
ductory; submarine geology; physical and chemical problems of the sea water; relationship 
between oceanography and meteorology; life in the sea; economic value of oceanographic 
investigations; physical, chemical, geologic, and biologic unity in the sea. 

*‘In practice oceanography falls most conveniently into three chief divisions: (a) the 
geological; (h) the physical-chemical; (c) the biological.” It is therefore a rational order of 
presentation '^to consider first the problems of the shape and composition of the basins 
that hold the oceans (i.e., submarine geology); next, those associated \\ith the physical 
character and chemical composition of the waters that fill these basins (physics and chemistry 
of sea water); and third, those of the nature and activities of the animals and plants that 
inhabit the waters (life in the sea),” p. 11. 

“An exact knowledge of the topography of the bottom would go far tow^ard establishing 
the possibility of great rockslides on the steeper submarine slopes, a questionrecently raised by 
the puzzling rock formations in the Alps, Appalachians, and other mountain chains,” p. 14. 

“This matter of depth and of the local variations in crystal stability is of equal interest to 
the palaeontologist, and to the zodgeographer, because of its bearing on possible former land 
connections which have been postulated to explain the distribution of terrestrial animals 
and plants as at present existing; no less to account for the continental separations by which 
different floral and faunal areas (once continuous) are now isolated from one another. 
Changes in the depth of epicontinental seas, and in the degree to which the great oceans 
have been in free communication with one another in the past, equally concern the marine 
biologist as factors controlling the dispersal-routes of many marine organisms, and as 
affecting the ocean currents that transport animal and plant species,” p. 16. 

*Time rocks have certainly been the most widely discussed of marine sedimentary for¬ 
mations, and in some cases, as with an oyster bed, or a reef of corals, or a swarm of Glo- 
bigerinae, the progress of the event by which lime is added to the sea floor may be easily 
observed. But great quantities of limy mud are also being laid down in tropic^ seas, the 
minute amorphous particles of which seem not to be the simple fragments of shells of defunct 
animals. Whether bacteria are responsible for the formation of these muds, as formerly 
supposed, or whether they result from chemical or mechanical precipitation quite in¬ 
dependent of bacteria, or whether, after all, they are simply the end product of the break¬ 
down of exposed limestones, beach sand, etc., as has recently been maintained, is still a 
moot question. This question, however, is of great theoretic interest, not only for its bearing 
on events now taking place in the sea, but in connection with the formation ot oolitic lime¬ 
stones, and in relation to the relative importance of salt and fresh-water situations as sites 
for the formation of limestones, now and in the past,” p. 29. 
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‘‘Problems equally broad arise in connection with the siliceous deposits, for with silica 
constantly contributed by the rivers to the sea, and with no return loss either to the atmos¬ 
phere or to the land (except in regions of elevation), it seems that the silica of the earth is 
now tending to accumulate on the sea floor. The geologist is, therefore, as deeply interested 
as is the biologist in the factors that cause such accumulation of silica to take place most 
rapidly in cold water, and at great depths, as signboards to the conditions under which 
similar events occurred in the seas in past geologic ages. Among these siliceous deposits 
the radiolarian-bearing sediments demand special attention, both in relation to the depth 
at which they were deposited, as just mentioned, and because knowledge of the conditions 
imder which they were laid down is vital to our understanding of the geosynclinal rocks, 
hence ol the world’s mountain chains. 

“The formation of phosphatic concretions and of glauconite on the sea bottom of today 
also needs fresh examination for its bearing on the origin of phosphatic and potash rocks: 
it is in the sea, too, that the key to the riddle of the source and mode of formation of dolo¬ 
mite is most hopefully to be sought,” p. 31. 

“The problem of iron in modern marine deposits is important because of its bearing on 
the question, what part ot the iron ores now being mined in sedimentary rocks were originally 
laid down with the latter, or in what part they entered subsequently, as secondary intrusions? 
Are deposits of this sort being laid down anywhere today? What, if anything, have bacteria 
to do with the segregation of iron in the sea? How does the common association of iron with 
manganese in modern deep-sea deposits bear on this problem? How sound are the chemical 
reactions that have been proposed to account for the deposition of either of these minerals, 
and what conclusion must we draw, as to the depths of the Paleozoic seas, from the distri¬ 
bution of iron, in deep and in shoal water, in the modern sediments?” p. 34. 

“The studies of the chemistry of sea water that are at present in progress, like those of its 
physics, chiefly aim at enlarging our factual knowledge of regional variations, and our under¬ 
standing of events that take place in the cycie of matter there, rather than at clarifying 
the nature of chemical processes as such. Thus they bear to the science of physical chemistry 
as a whole a relationship more subsidiary than do oceanic biology or physiology to current 
attempts to fathom the riddle of life,” p. 51. 

“The distribution of oxygen in the sea is so closely associated with the general problem 
ol vertical circulation that it is best mentioned here. It seems certain that the intake of 
oxygen occurs exclusively at and near the surface, (a) in the surface film, or within the 
upper few feet w^here their bubbles are entrapped by breaking waves, and (6) throughout 
the upper illuminated zone where plants carry on photosynthesis; no sources are known 
from which the water can absorb free oxygen in the deeper levels. Quantitative data as to 
the rapidity with which any deficiency in oxygen is renewed from these sources of supply 
(particularly the efficiency of the latter out in the open sea) are therefore present desiderata. 
The relative importance, from the standpoint of oxygen intake, of coastlines of different 
characters, with their different types of wave action and of turbulence, offers an interesting 
problem. How effective a source of oxygen supply for the surrounding neighborhood is, for 
instance, a rocky headland upon which the surf beats constantly? We have yet to learn 
ho w deep simple turbulence is able to maintain the oxygen supply close to the saturation 
po^nt in different regions under different conditions,” p. 86. 

“If there were no means of renewing oxygen from above, the underlying water would 
soon be absolutely stripped of this vital necessity, as the deeps of the Black Sea actually 
are. And within the last few years it has been found—(notably by the ‘Carnegie’ and by 
the ‘Dana’) that the mid-depths are, in fact, decidedly poor in oxygen in mid and low lati¬ 
tudes in the Pacific—also over large areas in the tropical Atlantic; so poor indeed, that one is 
inclined to marvel at the wealth of animal life that exists there. But, underlying this 
oxygen-poor stratum, the bottom waters of the ocean basins carry a much richer load of this 
gas. In the present state of our knowledge, it seems that the only way in which stratifica¬ 
tion of this sort can be maintained is by sinking currents carrying down into the deeps, 
water that has become saturated with oxygen near the surface in high latitudes, coupled 
with the consumption in the mid-stratum, rapid enough nearly to denude of its oxygen the 
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water that is brought up from below by rising currents. But we urgently need information 
as to whether these mass sinkings of oxygen-laden water are as strictly confined to the 
Arctic and Antarctic, in their respective winters, as now seems probable; also how this 
water continues so nearly uniform in oxygen over vast areas on the sea floor in spite of the 
wide local variations in abundance of animals that are constantly consuming it there; and 
how far it is safe to deduce the drifts for the deepest stratum from the variations in the con¬ 
centration of oxygen that do exist there,” p. 87. 

‘^Sorne substances are at present known to exist in sea water solely because they have 
been detected in the bodies or skeletons of marine animals and plants, which could only have 
obtained them from their aqueous environment. As examples of this we might mention 
the vanadium recognized in the blood of Ascidians and of Holothurians; the cobalt in the 
tissues of lobsters and muscles; the nickel in mollusks; and the lead that has been foimd in 
the ash of various marine organisms,” p. 109. 

“Various explanations have been proposed for the chemical events by which the pre¬ 
ponderance of calcium and of carbonates, which characterizes river water, is so uniformly 
altered into the preponderance of sodium and of chlorides that characterizes the sea water, 
everywhere, and at all times, even under the most diverse conditions. But we believe no 
one would seriously maintain that any of the explanations are adequate,” p. 113. 

“Another contrast having far-reaching biologic effects is that between the specific 
gravity of the medium in which organisms live on land—the air—^and in the sea. Thanks 
to the fact that sea water has almost the same specific gravity as protoplasm (or protoplasm 
as sea water if one prefer) no marine animal or plant needs the mechanical support against 
the pull of gravity that every organism of any considerable size must have on land if it is 
not to collapse of its own weight. Thus no alga needs, or has developed, a rigid woody 
skeleton. And as marine animals have never required strong frameworks to support them¬ 
selves, their internal or external skeletons can be adapted entirely to other ends, such as 
protection (as in the case of many mollusks) to provide stiffness as among the horny corals, 
to maintain body form against resistance of the water while swimming or for the attachment 
of muscles as among fishes and crustaceans. Comparison of the frame of a whale (which 
suffocates of its own weight if left stranded on the beach by the ebbing tide) wdth that of an 
elephant or a dinosaur shows at a glance how much less is necessary in the one case than in 
the other. In spite of their great muscular power, even the largest sharks have still feebler 
and wholly cartilaginous skeletons without any hard bones, while even a more striking case 
of strength without framework is afforded by the giant squids, animals proverbially active, 
swift and muscular, though with only the rudiment of any sort of skeleton. No morpho¬ 
logical development of this sort would be possible on land. As a corollary of this, there is 
no gravitational limit to the size of animals in the sea, the only theoretic limit being their 
need of taking in, through the surface (and usually through a very small part of it), enough 
food to support the entire bulk and enough oxygen for its vital requirements. With relief 
from the force of gravity, the sea supports animals as large today as it ever has, and heavier 
than any that have existed on land,” p. 141, 

“It is still a mystery how fishes and other marine animals are able to direct their long 
journeys, often in darkness, and always through a medium in which temperature and chem¬ 
ical composition are so nearly uniform over long distances that the most delicate tests are 
needed to reveal any difference at points many miles apart. The problem here is akin to 
that of bird-migration, but an even more puzzling one,” p. 149. 

“The question by what mechanism the cell is able to select out of the water those rare 
substances that, as it now seems, are of vital importance, opens the whole problem of the 
specific aflinity of different cells for particular chemicals that forms the basis for all the 
structures that protoplasm manufactures. We might mention the secretion by diatoms of 
silica (an element relatively rare in sea water) in such great quantity that at times they may 
almost exhaust the water of it; the ability of seaweeds to draw iodine and potassium from 
the surrounding water so much more efficiently than man can, that until other sources for 
these substances were discovered it was far more economical to obtain them from the ash 
of seaweeds than it would have been to concentrate them direct from the water by any 
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method yet perfected or likely to be developed: the ability of certain unicellular animals 
(Radiolaria) to build their shells of strontia, a substance so rare in the water that only 
recently have analyses revealed its presence there. If any seaweed made equal use of gold, 
the commercial extraction of the latter from sea water (on the average there are about five 
milligrams gold per cubic meter of water) would not be the will-o^-the-wisp it has actually 
prov^. A more familiar example of the ability of the living cell to select particular sub¬ 
stances from the outside is the secretion of limy shells by a great variety of plants and 
animals, an ability responsible for vast deposits of calcareous sediments, of limestone rock, 
and of the modern coral reefs. The question of the draft made by different vegetable cells of 
specific solutes for their nourishment, as of nitrates and of phosphates by diatoms: or of the 
same solutes in different proportion, is now under investigation at many hands,” p. 163. 

^‘The simplest task of marine bacteriology is perhaps to trace the direct service these 
lowly and minute organisms render to the larger in providing the latter with proteid food. 
That protozoans do feed on bacteria in the sea is established. In fact, recent studies suggest 
that in this passive way the bacteria that thrive on the organic debris accumulating in 
shoal waters, and the protozoa that prey upon these bacteria, are essential links in the 
food-chain of higher animals in coastal waters, where the echinoderms, mollusks, and others 
that feed on detritus gain their nourishment less from the latter direct than from bacteria 
and protozoa eaten at the same time,” p. 167. 

”We all need to know what part bacteria play in breaking down the more refractory 
organic substances that would accumulate on the bottom of the sea if there were not some 
mechanism to disintegrate them and to bring them into solution in the water. Specifically, 
what quantitative role do bacteria play in the sea, in the destruction of the agar from the 
stalks and fronds of seaweeds that is constantly taking place under water—a substance 
resistant to most bacteria? Bacteria of the sorts that do attack ag^ have recently been 
found in brackish and in salt water. But, so far, it has been only in the tropics that their 
presence in such situations has been established, whereas it is in higher latitudes (and lower 
temperatures) that the great concentrations of ordinary seaweeds exist, and the great over¬ 
turn of agar and of similar hemicelluloses takes place. Thus it still remains an open question 
how far the annual disintegration of the millions of tons of kelp, and so forth, results from 
bacterial activity, or how far it simply reflects the solvent action of the sea water itself. 
We face this same problem with regard to the destruction of the chi tin in the shells of dead 
crabs, shrimps, and other crustaceans, and of the oil from diatoms and copepods,” p. 180. 

Wilder D. Bancroft 


Ausgewflhlte Untersuchungsverfahren ffir das chemische Laboratorium. By L, W. 

Winkler, V61. 29 of Die chemische Analyse founded by B, M. Margosches, edited by W\ 
Bdtiger). 26 X 17 cm; pp. xviii -h 166. StvUgart: Ferdinand Enke^ 1931. Price 17.60 marks; 
bound 19.60 marks. This is essentially a somewhat miscellaneous collection of analytical 
and other methods devised by the author and described in various journals during the past 
thirty years or so. Few of these methods were ever fundamentally new but they all include 
some modification, either important or trivial, made so as to enable an older method to be 
carried out with simpler apparatus, or more rapidly or more accurately. 

Most people interested in chemical analysis will find something to interest them in 
the book. 

The first 24 pages deal with determinations of density (gas, liquid, solid), melting point 
and boiling point. In the next 55 pages come simple gas analytical methods and some 
selected volmnetric methods are described while those remaining are concerned with gravi¬ 
metric estimations. The latter include several solvent extraction processes for dealing with 
mixtures of alkali metal salts and alkaline earth metal salts. 

The last third of the book is devoted to gravimetric precipitations. The mam'pulative 
procedure prescribed for all these is similar and in most cases involves slow precipitation from 
boiling, neutral solutions containing considerable amounts of ammonium chloride, a piece 
of cadmium foil being added to prevent bumping. 
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The fairly coarsely crystalline precipitates obtained in this way are filtered through a 
small pad of cotton wool in a small, more or less cylindrical, glass funnel (“Kelchtrichter”). 
The precipitates are weighed in the funnel after drying either at room temperature, 100® 
or 130® according to circumstances. 

Throughout the book experimental procedure is described in the most minute detail. 

H. Bassett 


Alkalien und Erdalkalien in ausgewkhlten Kapiteln. ( Vol. 26 of Technische Fortschriits- 
herichte. Fortschritte der chem, Technologie in Eimeldarsldlungen. Edited by B, Rassow, 
Leipzig), By Bruno Waeser 22 X 16 cm; pp. viii -f 196 . Dresden and Leipzig: Theodor 
Steinkopfff 1931 . Price: 13.50 wmks; hound 16 marks. The object of this monograph is to 
give a summary of new developments in the technical preparation and utilisation of alkali 
metal compounds during the last decade. Only those compounds are dealt with, however, 
which have not already been considered in other volumes of the same series. The field 
covered in the volume under review is, in consequence, very restricted. This is particularly 
true of the alkaline earth compounds which take up 50 pages, of which a few calcium and 
barium compounds account for 45, the remaining five being required for strontium and 
beryllium. 

The alkali metal compounds discussed are:—sodium and potassium carbonates and 
hydroxides (other than electrolytic), peroxides, borates, cyanides (thiocyanates, ferro- 
cyanides, etc.), chromates, manganates, halogen compounds (other than electrolytic), 
phosphates (other than fertilisers), arsenates, sulphur compounds (except sulphate), 
silicates. 

Three pages are devoted to lithium, rubidium and caesium. There are several interesting 
summaries of the economic situation in respect of some of the more important compounds 
such as the alkali carbonates, hydroxides and borates while in the case of most compounds 
a very brief outline is given of the method of preparation now in use. These are the only 
parts of the book likely to interest the general chemical reader. 

The greater part of the book is taken up with short references to articles in the technical 
literature and to patents. The subject matter of the latter is given but the reader will find 
little guidance as to whether the patents are of any practical value and to what extent they 
are actually used. In the case of recent patent literature this is probably inevitable but those 
actually engaged in the alkali industry, for whom the book is intended, should find it useful 
and they will be in a position to judge such matters for themselves. 

The reviewer regrets the tendency in modern German books for the spelling of long- 
established words such as caesium, cyanid to be altered to zaesium, zyanid. This will 
doubtless increase the number of words beginning with z but from all other points of view 
the change seems both undesirable and unnecessary. H. Bassett 

Heterogene Katalyse. By Erwin Sauter. 22 X 16 cm; pp. x -f 80 . Dresden and 
Leipzig: Theodor Steinkopff, 1930 . In the preface the author says that although in chemical 
circles the view is still held that the field of catalysis is still quite obscure, he believes himself 
able to show that such an idea is no longer correct. Admittedly it is hard to arrange the 
wealth of work on catalysis so that the simple and more general picture of catalysis is not 
blurred and masked by the incredible number of special observations.... It appears from 
the development that the chief problems of catalytic investigation are becoming more and 
more akin to those of theoretical physics.” 

After an introductory chapter dealing with the definition and classification of catalysts, 
with activation hypotheses and such-like things, the chapters dealing with heterogeneous 
catalysis proper are entitled: remarks on the preparation of catalysts; changes of state and 
properties of heterogeneous catalysts; how shall one characterize a contact catalyst with 
reference to the demands to be made upon it; the ph^omenon of poisoning in contact 
catalysis, contact catalysis and sorption; selective contact catalysis; heat of activation at 
catalytic surfaces; reaction velocity and contact catalysis; instances of experimental 
technique. 
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On p. 7 the author says that in the majority of cases studied kinetically the reaction 
does not run practically to an end. Since the temperature usually does not rise very high 
in the catalytic conversions, unsupported catalysts may be used there, as in the case of 
Paal's colloidal palladium, p. 21. 'The heats of adsorption are of the magnitude of the 
van der Waals forces; they are always then the heats of vaporization of the adsorbed sub¬ 
stances,'' p. 38. According to Magnus the adsorption of carbon dioxide by charcoal de¬ 
creases so rapidly with rising temperature as to become approximately zero at 400°, p. 43. 

The author believes in chemical sorption which differs from ordinary adsorption and is 
the important thing in contact catalysis, p. 48. "Chemical sorption depends chiefly on two 
actions: i. Between sorbent and sorbate there is direct electron action. According to the 
newer quantum theory there are formed an ionogenic and a homopolar bond, between which 
interm^iate phenomena are possible. 2. Between sorbent and sorbate there is formed a 
co-ordinative bond (according to Werner compounds of a higher order occur). The sorbed 
molecule undergoes considerable deformation as it adds to the sorbent to form a new chemi¬ 
cal molecule. It is essential that the chemical sorption leads only to the formation of a 
monomolecular surface compound, the peculiar lability of which was recognized especially 
by Volmer." 

The author does not play quite fair in his statement that the intermediate compound 
theory has rather won out. He quotes the reviewer as assuming the existence of free 
radicals, p. 53. What everybody else has meant by the intermediate compound theory 
has been a compound formed by the catalyst with one or more of the reacting products. The 
author now implies that it covers the formation of monatomic hydrogen in presence of 
nickel or platinum. One can hardly believe that the author could make such a mistake 
as that and yet it is more painful to believe that he knew what he was doing. 

On p. 47 it is recognized that carbon monoxide is not activated appreciably when ad¬ 
sorbed by platinum; but no attempt is made to account for this. Wilder D. Bancroft 


Thermodynamik. By W, Schotiky, ^6 X 17 cm) pp. xxv + 620 . Berlin: Julius Springer, 
1929 . Price: 66 marks; hound 68.80 marks. The author intends this to be the best book on 
thermodynamics ever writen. He claims to have discussed all points at length, which seems 
to be true. He differentiates quite sharply, p. x, betw'een external and internal thermody¬ 
namics. External thermodynamics deals with reversible systems and usually with reversible 
cycles. Internal thermodynamics recognizes the existence of passive resistances to change 
and deals with would-be cycles which don't close. 

The book is divided into three parts: general thermodynamics; physical thermody¬ 
namics; and chemical thermodynamics. The third part is more than three-quarters of the 
whole treatment. The chapters in the third part are: application of thermodynamics to 
chemical reactions; equilibrium conditions and the phase rule; theoretical and practical 
methods for building up reaction effects from thermodynamic data; regularities in special 
states and changes; chemical affinities and equilibrium conditions as given by measurable 
thermodynamic values; equilibria of higher orders and phase stability; changes while 
maintaining equilibrium; examples in the application of thermodynamics. 

"It is now necessary to discuss an apparent contradiction which occurs in the assumj)- 
tions underlying the discussion that has just been made. It was assumed that the end state 
could be carried back reversibly into the initial state. According to what has been said, 
that is only possible when the system passes through a series of thermal equilibria. The 
initial and end states must especially represent thermal equilibria, which is tWefore neces¬ 
sary in the actual cases to be discussed, because otherwise the state and consequently the 
entropy cannot be characterized by a relatively small number of independent variables. 

"On the other hand, the initial state might change into the final state through irreversible 
stages following chronologically without there being any change in the external conditions 
—since we are dealing with closed systems. We must therefore have a system in thermal 
equilibrium which can show spontaneous changes that carry it over spontaneously into 
another state. According to our definition that means that it was not a system in thermal 
equilibrium. 
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clearing-up of this contradiction and thereby the possibility of applying all these 
considerations is evidently given only when the original state involved a partially retarded 
system and did not strive to attain an irreversibly reached end-state because it is kept from 
taking the necessary steps by some sort of retardations which keep it from passing through 
the various steps. If these retardations were absolute and were never to be lifted, the whole 
discussion would become hopeless. Its application is limited to cases where the retardations 
can be over-ruled arbitrarily without perceptible thermodynamic expenditure,” p. 56. 

^‘The only significant definition of the solid state is the one that the smallest particles 
of the body in question are not freely movable relatively to one another, but are to be found 
in a stable arrangement, which it takes up again when disturbed,” p. 95. 

“The variations from the law of Dulong and Petit show the regularity that the specific 
heat per gram atom is too large at high temperatures and too small at low temperatures. 
The significance of the variation upward is hard to explain and people are not agreed as to 
it. . . . The theoretical explanation of the variations which come out too low are more 
successful since Nernst has shown that the specific heats of all substances decrease in the 
same way as the temperature falls toward the absolute zero and approach zero as the 
temperature falls toward the absolute zero. The quantum theory accounts for this by 
postulating a finite magnitude of energy differences between the lowest and the next higher 
of the possible quantum states of the vibrating atom and establishes a relation between the 
size of these energy jumps and the otherwise-determined self-frequency of the atom vibra¬ 
tions,” p. 99. 

It is doubtful whether the discussion of the relation between the maximum surface 
tension of mercury and the single-potential difference will be especially helpful, p. 122. No 
suggestion is offered as to a possible line of attack on the problem. 

The author is quite enthusiastic over the activity concept and introduces it on all 
occasions. This is the more extraordinary because he admits, on p. 290, that the only object 
in introducing the activity concept is to enable one to continue to use the simple relations 
which either hold or seem to hold for dilute gases and dilute solutions. 

The discussion of the variations from the ideal gas laws, p. 296, is not helpful. “The 
method of accounting for the variation from the ideal gas laws by introducing the chemical 
potentials and the activities [he puts the chemical potential and the activity on the same 
thermodynamic level] is a purely formal one and is often looked upon as unsatisfactory. 
There have of course been attempts to account for the variations admitted by the introduc¬ 
tion of a instead of x on a molecular-theoretical basis by assuming special chemical inter¬ 
actions, which lead to the formation of new^ molecular types, for each of which the laws of 
ideal solutions hold. It is true that is possible in this way to account for almost all the 
phenomena, but it seems unjustified from the thermodynamic and molecular-theoretical 
view’-point to exaggerate the chemical view-point to the extent of a general application of 
such a process. It is simply another formalism which has not even the advantage of being 
convenient. The attempt to handle liquid mixtures by means of the van der Waals equation 
of state is in fact scarcely less formal than the method of activities, because it involves at 
present empirical coefficients. It is not denied that the van der Waals equation may often 
be a convenient starting-point for an analytical presentation of the experimental data, though 
it is hard to say what the constants in the formulas mean and impossible to predict them. 

“In view of the prevailing uncertainty whether the [abnormal] behavior of a solution is 
due chiefly to interactions of a chemical nature (solvation, polymerization, etc.), or of a 
physical nature (ionic forces, van der Waals forces), or to different kinds of interactions 
occurring simultaneously, it is better for the present to stick to the treatment by residual 
work or activity, which does not explain anything but gives a good description of the 
thermod3mamic results. In cases, however, where the molecular state or the kind and influ¬ 
ence of the physical interactions seem to be established by many experiments (for instance, 
formation of double molecules of organic acids in non-aqueous solvents, dissociation of 
strong and weak electrolytes), the predictions from the activities on the basis of this more 
exact knowledge and their comparison with the empirically determined data offers an es¬ 
pecially convenient and comprehensive test of the special molecular assumption. Of course 
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one must never let the convenient presentation of the data by empirical activities interfere 
with special conceptions in regard to possible molecular states and prevailing interacting 
forces, the working out of which must always remain the goal of investigations [wine bricks 
are now sold with strict injunctions not to put them in water]. 

‘Widespread misconceptions make it desirable to say again here that the introduction 
of activities in no way denies the occurrence of chemical interactions. Activities (or residual 
work) do away with the need of making inBufficienily^ounded, special assumptions as a 
basis for the presentation of the subject. The activity concept permits the limitation of the 
discussion to what is known empirically.’* This seems to be a very roundabout way of 
saying that the introduction of the activity concept puts all the disturbing factors out of 
sight and makes it possible to forget that they exist. 

On p. 360 are given activity-concentration curves for acetone and carbon bisulphide, 
both curves lying above the ideal ones and a similar diagram for acetone and chloroform in 
which both curves lie below the ideal ones. No conclusion is drawn in either case. A mere 
statement of the activities is sufficient. To the layman it is not clear why pressure-concen¬ 
tration curves would not have been equally inadequate. 

The question of the salting-out of a non-electrolyte is handled very briefly, p. 439. 
“The solubility of a non-electrolyte in aqueous solution is in general decreased by addition 
of an electrolyte, a phenomenon which is known as salting-out and which finds many practi¬ 
cal applications. Thermodynamically speaking, the addition of an electrolyte increases the 
activity of a dissolved non-electrolyte. With volatile non-electrolytes there is consequently 
an increase in the partial pressure.” Lash Miller did better than that over thirty years ago 
and without making use of activities. He showed definitely what Schottky probably 
assumes but certainly does not state, that the electrolyte and the non-electrolyte must be 
mutually insoluble. Miller’s demonstration was general and did not necessitate one of the 
components being an electrolyte. 

“If we dissolve solid naphthalene in benzene, we should expect heat and volume effects 
corresponding very closely to the heat of fusion of naphthalene and to the volume difference 
between solid and liquid naphthalene. The same thing must hold for all solutions of 
naphthalene in all liquids with which it forms ideal solutions. Gehlhoff has confirmed this 
prediction for the heats of solution. He obtained heats of solution of 4400-4800 cal/mol 
when naphthalene was dissolved in benzene, ether, aniline, etc., while the heat of fusion is 
4560 cal/mol.” One would have liked to see the conclusion drawn that naphthalene is 
present as a liquid and with some of the properties of liquid naphthalene even In dilute 
solutions. The corollary to that would have been that sodium nitrate is present as a liquid 
and with some of the properties of liquid sodium nitrate even in dilute aqueous solutions. 
As another the author might have felt reckless enough to say that sulphuric acid is present 
as a liquid and with some of the properties of liquid sulphuric acid even in dilute aqueous 
solutions. Even if he had got as far as this, he would probably have balked at saying that 
lead sulphate dissolves in sulphuric acid because it is soluble in liquid sulphuric acid. It is 
quite certain that a complex salt would have been invoked or possibly a change in activity. 

On p. 592 there is given what purports to be a rigid thermodynamic deduction of Nernst’s 
distribution law, which omits all reference to the increasing mutual solubility of the two 
liquids on addition of the third component. 

It seems to the reviewer that the author is a man who has picked up his physical chem¬ 
istry on the side and who has never really mastered the subject. The book cannot be recom¬ 
mended to the progressive chemist. The author’s presentation is not even a masterpiece of 
style. Wilder Z>. Bancroft 

Practical Physical Chemistry. By A, Findlay, 22 X 14 cm; pp, xii + 312, Lmdm: 
Lcmymanst Green and Company^ 1931. Price: 7 BhiUinge, 6 pence. In the fifth edition of 
this well-known book the form of the last edition and much of the old material have been 
retained. Some additions have been made, the most important dealing with potentio- 
metric measurements, and experiments have been added to illustrate the conception of 
activity. Very few of the new experiments involve anything fresh in the way of experi- 
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mental technique, and consequently the book cannot be regarded as entirely representative 
of modem experimental methods. The use of the thermionic valve in potentiometric 
measurements is described but there is no mention, except in a foot-note, of its employment 
in the determination of electrical conductivity, and the chapter dealing with the latter 
subject is unaltered. The book would have gained in value if some of the more rarely used 
approximate methods, especially of determining osmotic activity, had been omitted and the 
space devoted to a fairly full treatment of more accurate methods. In spite of this however 
there is no doubt that the book will continue to be of the greatest value as an introduction 
to the study of experimental physical chemistry. C. S, Salmon 

Thermodynamics. By A. W. Porter. 17 Y. 11 cm; pp. v -f 9$. London: Methuen and 
Co., 1931. Price: 2 shtUingSf 6 pence. The author intended this monograph to “enable a 
reader to understand the logical foundations of the subject, and not only to see the kind 
of applications that are made of thermodynamic principles in various parts of physics, but 
to be able safely to apply them himself to further problems. “ He has succeeded admirably. 
An enormous amount of information is packed into very small compass, partly by fine 
^Titing and partly by a free use of the “language” of mathematics. Not that more than a 
knowledge of the elements of calculus is required, but the reader must be able to use such 
knowledge freely. 

The outlook is physical rather than chemicah though the chapter on “equilibrium” deals 
briefly with the isochore, the isotherm and the phase rule. Classical notation is employed 
in preference to that of the G. N. Lewis school, the “Free Energy” of which is called the 
“Gibbs function” in this work, and there is no reference to “activity.” The foundations of 
the subject are, however, exceptionally well presented. L. J. HvdleeUm 


Errata 

Victor K. LaMer, T. H. Gronw'all and Lotti J. Greiff: 
J. Phys. Chem., 35 , 2245 (1931). 


p. 2246 footnote (a) E*" =E-f-should read Eo*" = E-f- 

p. 2249 footnote (j) definition of /c should be 

/o = activity coeflScient at o cone, of solvent salt 

00 00 

equation (I.-29) ^ should be ^ 


p. 2251 equation (14') should read 

(x, x) = q2^ f (u, x) \pi (u, x) ^2 (u, x) u* du -f 


[{(u, 


equation (16') should read Xj (x) * (1/6) 

equation (18') should read Y 8 (x) = (i/x ®)^ x® X’ (x) dx 
p. 2252 equation (25') last term (dn—dn-i) should read (dn+dn-i) 

Z 2 

p. 2^54 equation (i) ^ £ 

j-I j-I 


x) (^1 (u, x))® u* du 
x) (^i (u, x))* u* du 


p. 2262 Table III (e) i .4339 should read i .4239 
p. 2265 Table V (b) fifth item, first column 

343 ■ 7 —0.1 should read 343.7 +0. i 
p. 2271 equation 10 

0.47532 should read 0.47528 
o. 32769 should read o. 32766 
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p. 2272 footnote (av) p. 476 should read p. 376 

p. 2275 Table VIII the following changes should be made: 


Valence 

a[ 3 ] 

At calc. 

0 

al 3 ] 

At calc. 

e 

a| 3 ] 

Type 

A 

4-Error 

(— Zi 7.2)1 o“**x 

A 

—Error 

(— ZiZ2 )I0“®K 

A 

1.-3 

2 

0 00069 

1 215 

‘’10 00 

0 00067 

2 426 

<1.00 



0 00133 

I 728 

2 50 

0 00131 

2 161 

" 1-75 



0 01344 

2 672 

2 01 

0 01342 

2 680 

I 99 


4 

0 00070 

0 608 

>10 00 

0 00068 

I 822 

2 00 



0 00136 

I 082 

> 6 00 

0 00134 

1 512 

3 00 



0 00250 

1 258 

4 40 

0 00248 

1 427 

3 53 

2279 Table IX 







under Barium Nirate Series B^® 

column io“* k 





change 0 

2239 to 

0 02239 






0 

3305 

0 03305 






0 

4276 

0 04276 






0 

.S83.S 

0 05835 





under Barium Nitrate^^ Most Probable a(i]=^2A column Aft 

change o (K.539 to 000535 column At*-At„ 

change av. o 00045 to av. o 00044 

Most Probable a(3] = 3 loA col. Att—AU 
change av. o 00009 av. o 00008 

under Potassium Sulphate'**® 

Most Probable all] - 2 .hA col. Att 
change o 01536 to o 01436 


under Barium Chloride reference to^ should be to^® 
under Barium Chloride®® Most Probable a[il = 2.6A col. Att 


change 0 02760 to 

0 02736 

0 01047 

0 01056 

0 02053 

0 02071 

0 03047 

0.03060 

0 04029 

0 04032 

0 05005 

0 04989 


p. 2280 Table X 

under Xantho-Cobaltic Chloride®' B 

Most Probable al i] = i 5A col. ( —ZiZg)lo'^^/c 

change 106778 to 1.06792 col. Att-At„ 

change — o 00092 to +0 00092 

p. 2283 equation (18) last term should read —o 30764—^— (... ) 

(io*a)® 

p. 2287 reference * (1927I should read (1929) 


p. 2288 reference ® p. 558 should read p. 358 
(1925) should read (1924) 
(1925) should read (1910) 


Gronwall, LaMer and Sandved: 
Physik. Z., 29 , 358 (1928). 

p. 367 equation 34 expression -(m-i - io“®c dY/dn) should read 

~ (m -1 - io~®cmdV/dn) 



THE HEAT OF ABSORPTION OF HYDROGEN 
BY PALLADIUM BLACK AT 0 *** 


BY LOUIS J. GILLESPIE AND HENRY A. AMBROSE 

The only direct measurements of the heat of absorption of hydrogen by 
palladium that have the appearance of accuracy are those of Mond, Ramsay 
and Shields.^ These authors discussed the earlier work of Favre.^ 

From pressure measurements at varied temperature, the heat of absorp¬ 
tion (change of heat content) has been calculated by Moutier® and by Dewar,^ 
using the data of Troost and Hautefeuille® and of Roozeboom,® respectively, 
and by Gillespie and Hall,^ using their own data. Both Moutier and Dewar 
found the heat evolved upon absorption to increase with rising temperature; 
Gillespie and Hall found the opposite behavior. 

There is also some discrepancy as to the value of the heat calculated for o®; 
Dewar finding about 9323 cal/mole H2, and Gillespie and Hall finding about 
6000 for the first hydrogen solution, 8860 for the horizontal isotherms, and 
about 9740 for the second hydrogen solution, the integrated value up to the 
composition of Pd2H being 8780. The heat measured at 0° by Mond, Ram¬ 
say and Shields increased only very slightly with the hydrogen content, was 
assumed constant, and the average value found to be 9210, if a certain cor¬ 
rection was introduced which seemed necessary,’ or 9362, if the correction 
was omitted. 

The agreement between the heat measured by Mond, Ramsay and Shields 
and that calculated by Dewar is probably fortuitous, as Dewar used only 
three points for the calculation of the three necessary parameters. 

A difficulty, likely to be present in heat measurements in all systems in 
which a variety of phases is capable of existence, is that in the heat measure¬ 
ments, necessarily rapid compared with the measurements of equilibrium 
pressure, phases may be formed other than those that can remain in phase 
equilibrium, and can then persist during the measurement of the heat. When 
these other phases have different heats of formation from those of the equi¬ 
librium-phases, an error will result in the reported heat measurement. 

It is evident that more calorimetric data are desirable. When, in some 
preliminary experimentation, we found that nearly or quite the whole of the 

* Contribution from the Research Laboratory of Physical Chemistry, Massachusetts 
Institute of Technology, No. 270. 

1 Mond, Ramsay and Shields: Phil. Trans., WlA, 105 (1898). 

* Favre: Compt. rend., 68, 1306 (1869); 78 , 1257 (1874). 

^ Moutier: Compt. rend., 79 , 1242 (1874). 

* Dewar: Proc. Chem. Soc., 1897 , No. 183, 197. 

® Troost and Hautefeuille: Compt. rend., 78 , 686 (1874); -A.nn. Chim. Phys., [5] 2, 273 

(1874)* 

*Hoitsema: Archives n6erlandaises, 30 , 44 (1896); Z. physik. Chem., 17 , 1 (1895). He 
reported his own, and Roozeboom’s data. 

7 Gillespie and Hall: J. Am. Chem. Soc., 48 , 1207 (1926). 
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pressure-composition isotherm of Gillespie and Hall could be traced by merely 
adding hydrogen to palladium, without resorting to the heat treatment used 
by them, it seemed that we were in a favorable position to undertake heat 
measurements. 

Experimental 

The palladium black was prepared from palladosammine chloride by the 
method of Gutbier® as before.^ One variation of technique was made in 
preparing the black, which may have been responsible for the greater ease of 
absorption of hydrogen:—after the bulk of the ammonium chloride (formed 
in the reduction of the palladosammine chloride by hydrogen) had been re¬ 
moved in a current of carbon dioxide, the palladium weighed and introduced 
into the apparatus and the further small quantities of ammonium chloride 
removed by heating in a vacuum to the boiling point of mercury (as in the 
previous procedure), the palladium was further heated nearly to the soften¬ 
ing-point of the pyrex container, the mercury diffusion pump still being 
connected. Further traces of ammonium chloride were seen to leave the 
palladium; and there seems to be no doubt that our palladium was freer from 
ammonium chloride than that of Gillespie and Hall. 

With this palladium their isotherm could be traced up to a point on the 
second rising portion of the isotherm, with or without the aid of heat treat¬ 
ment. Sometimes it happened that hydrogen driven off by heat did not all 
return to the solids on subsequent cooling, but this was the exception, and 
heat treatment never produced a pressure appreciably lower than the value 
on their isotherm. 

In order to avoid certain difficulties, the heat was measured when pal¬ 
ladium and hydrogen were brought together within a container of constant 
volume; thus we measured a change of energy. The desired changes of energy 
and of heat content were then computed for the constant-pressure, constant- 
temperature change of state: 

H2 + 4 Pd = 2 Pd2H (all at o®, i atm.), (i) 

where Pd2H gives the average composition of two solid solutions. 

The essential features of the apparatus are shown in Fig. i. Palladium 
black, three times treated with hydrogen and then each time exhausted at a 
high temperature (in the capsule A) is contained in the sealed capsule A, 
provided with a thin flattened top. After the introduction of the capsule, a 
measured quantity of hydrogen is introduced into the tube B, which is closed 
by the steel stopcock I. The volume of that part of the container of hydrogen 
outside the ice calorimeter has been made very small in comparison with that 
of the tube B. The calorimeter assembly includes the ice calorimeter C; a 
radiation shield D of copper, silvered on the inside; and the ice-bath E, in¬ 
sulated with felt two inches thick. The whole assembly is mounted on a base 
that can easily be raised into the position shown in the figure, or lowered. 
When in the low position, the ice-bath is filled with ice, the calorimeter given 


* Gutbier: J. prakt. Chemi, (2) 79 , 235 (1909). 
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time to cool to o® and then a layer of ice is formed on the inside wall of the 
calorimeter by immersing a tube cooled in liquid air in a layer of mercury (not 
shown) in the inner tube of the calorimeter. Then the assembly is raised to 
the position shown and the calibrated capillary tube F, which is provided with 
a vernier reading to o.i mm., is connected at the ground-glass joint. The 
average mass of mercury per millimeter of capillary is 0.003052 g. 

When the creep had become steady, the glass capsule A was shattered by 
means of the device H. By turning a nut, a long pointed rod, passing through 
a packing-gland, was forced down against the top of the capsule, breaking 



Essentials of the Apparatus 

it without a failure. The creep was in the same direction as the motion of 
mercury in the calibrated capillary that attended the reaction. The average 
creep was determined before and after the reaction, and the creep per minute, 
multiplied by the time of the observation, was subtracted from the total 
motion observed. This correction was usually less than one percent. 

For computing the heat from the motion of mercury, the conventional 
value of the calorimeter constant was used: 0.01546 grams of mercury per 
calls. This value was checked to about t percent by dropping known weights 
of water and of copper at known temperatures into the calorimeter. 

The number of moles of hydrogen absorbed was computed from the 
quantity originally put in the reaction tube and the final pressure and volume 
(measured after breaking the capsule, by adding a known quantity of hydro¬ 
gen and appljdng the ideal gas law). 
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Results 

Table I gives the mass of palladium black and the moles of hydrogen 
absorbed, also the loss of energy, the loss of energy per gram of palladium, 
and the composition of the solids in moles of hydrogen per gram of palladium. 
The initial pressure never exceeded 2 atm., and the effect of a change of 
pressure from 2 to i atm. on the energy or heat content of hydrogen is 
negligible, as ascertained by the use of an exact equation of state. The 
effect of this change of pressure on the energy or heat content of the solids 
can also be neglected. Hence the change of energy or of heat content per 
unit mass of palladium is determined by the composition. 


Table I 

The Experimental Results 


Run 

«. Pd 

Moles H2 

~A(/ 

-Arvg.Pd 

10 * X 
moles 
H2 g.Pd 

I 

2.1072 

0.001474 

12.91 

6 127 

6.99 

2 

2.0900 

0.001804 

15-87 

7 • 593 

8.63 

3 

0-8573 

0.001623 

14.01 

16.460 

18 93 

4 

2.0724 

0.000184 

1,18 

0-571 

0.89 

5 

3.2991 

0.001215 

TO. 51 

3.186 

3-68 


For comparison, the data of Mond, Ramsay and Shields were recalculated 
on the assumption that hydrogen entered the calorimeter at 23°, by sub¬ 
tracting 23 X f’p and the value of RT was also subtracted to obtain —AU. 
Table II gives the recalculated values. 

Table II 


Data of Mond, Ramsay and Shields (Recalculated) 


Run 

~AC 7 

Moles H2 

-A U/g.Fd 

lo^Xmoles Ha/g.Pd 

I 

14.62 

0.001663 

8.78 

9.98 

2 

28.40 

0.003232 

1705 

19.40 

3 

41.22 

0.004679 

24-75 

28.09 

4 

43-97 

0.004982 

26.40 

29.91 


Discussiou of Results 

In Fig. 2, the loss of energy in calories per gram of palladium is plotted 
against the composition for both sets of data; our observations being indicated 
by the centers of plain circles, and those of Mond, Ramsay and Shields by the 
centers of circles with marks. The straight line shown was determined by the 
method of least squares for all points lying on the horizontal portion of the 
pressure-composition isotherm (between about 0.9 X 10“^ and 27.7 X 10“^ 
moles H*/g. Pd.)». Within these limits the slope of the line, which is the loss 
of energy per mole of hydrogen, appears constant, as we should expect. The 

•The equation found is —At/ » 874on—o.oi, whoce n is the number of moles of 
hydrogen pw gram Pd. 
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two lower points of Mond, Ramsay and Shields lie in this region and fall 
on our line. Their two higher points correspond to the second rising portion 
of the isotherm, and are high, qualitatively in accord with the finding of 
Gillespie and Hall from pressure data, that the heat is higher in this region. 
The lowest point of the curve corresponds to the first rising portion of the 
isotherm and is also low, but the experimental error is so great, owing to the 
fact that the heat measured was only i cal., that this point cannot be used to 
verify the conclusion from the pressure data that the heat is lowest in this 
region. Indeed, our calculations (not here reported in detail) show that our 
data as a whole (but not including this inaccurate point) indicate that the 



The loss of energy in calorie per gram of palladium plotted against the composition. 

heat in this region is not lower than that in the region of the horizontal iso¬ 
therms, provided our average precision is better than 0.8 percent. However, 
the calculations show that this average precision cannot be better than 0.5 
percent, and the finding of Gillespie and Hall, that the heat along the first 
rising isotherm is the lowest per mole, is not definitely proved or disproved by 
the present work. To decide this, the apparatus would have to be rebuilt, 
to permit the introduction of a greater mass of palladium. 

In any case, the integrated value up to the composition of PdaH does not 
suffer seriously in precision owing to this uncertainty, since only about 3.8 
percent of the heat is liberated along the first rising isotherm. The values 
we obtain for the heats attending the change of state (i), which are obviously, 
from Fig. 2, in agreement with the appropriate data of Mond, Ramsay and 
Shields, are —AU = 8740, and —AH = 9283. 
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The integrated value calculated by Gillespie and Hall for —AH is only 
8780, 5.4 percent lower. Some of this can be traced to the empirical deviation 
plot used by them. In drawing this plot, they removed curvature at the lower 
temperatures in order to keep close to the datum for 0°. This procedure we 
have found inconsistent with the rational equation: 

log p = A — B log r — C/T. (2) 

This equation assumes (i) the ideal gas law for the gas, (2) that the partial 
molal volume of hydrogen in the palladium is negligible compared with the 
molal volume of the gas, and (3) that the change of heat capacity attending 
the evaporation of hydrogen from the palladium is constant. Assumption (i) 
we have verified by the use of an exact equation of state for hydrogen;*® as¬ 
sumption (2) is valid, according to the density measurements of Wolf;*' and 
assumption (3) is certainly safer than the assumption that the change of heat 
capacity is not only constant but also zero, which assumption leads to the 
disappearance of the term in log T and often is satisfactory for chemical 
equilibria. Application of equation (2) to the pressure data given for the 
horizontal isotherms by Gillespie and Hall in their Table I gives the following 
results. Least squaring with equal weights of the data for all temperatures 
gives for —AH, 8940 cal., only 3.7 percent lower than our result; and similar 
treatment of the data without the datum for o® gives 9534 cal., which is 2.7 
percent high. The values of the pressure so calculated for 0° are 3.87 and 3.39 
mm., respectively, instead of the experimental value found, 4 mm. Their 
experimental value at 0° is doubtless somewhat too high, and the measured 
heat now reported must be regarded as better than the value they derived, 
as it appears to agree with the calculated heats within the uncertainty of the 
calculation. 

Summary 

The loss of energy attending the absorption of hydrogen by palladium 
black has been directly measured in an ice-calorimeter. Such of the data of 
Mond, Ramsay, and Shields as correspond to compositions not exceeding that 
of the second-solid phase (Pd*H plus excess hydrogen) are in excellent agree¬ 
ment with our data. 

The loss of heat content found for the reaction 

H2 -|- 4 Pd = 2 PdjH (0°, I atm.), 

where Pd2H gives the average composition of the two solid phases formed, is 
9280 calls. A recomputation of the data of Gillespie and Hall indicates that 
this value is in agreement with their pressure data within the uncertainty of 
the computation, which is several percent and principally due to the experi¬ 
mental error in measuring the small pressure at 0®. 

Uring the extension of equation (2) to gases not ideal, given, with equations for latent 
heats, by Gillespie: Proc. Am. Acad. Arts Sci., 66, 153 (1930). 

“ Wolf: Z. ph}rsik. Chem., 87 , 575 (1914). 



CONTRIBUTIONS TO THE CHEMISTRY OF BERYLLIUM 

Beryllium III. Electrolysis of Solutions of Beryllium Compounds in Liquid 

Ammonia 

BY HAROLD SIMMONS BOOTH AND GILBERTA G. TORREY 

Introduction 

In preceding articles^ the electrolysis of solutions of beryllium salts in 
various non-aqueous solvents has been discussed. The only solvents from 
which beryllium salts gave a deposit of metallic beryllium were several or¬ 
ganic derivatives of ammonia. The beryllium salts were very soluble in 
these solvents but the solutions possessed a high internal resistance so that 
extremely long periods of electrolysis were required to produce any quantity 
of beryllium metal. Also these solvents continually formed colloidal, brown, 
organic products which often adhered to the cathode and tended to prevent 
the deposition of pure metal. However, this slight success with the organic 
derivatives of ammonia encouraged the use of anhydrous liquid ammonia 
itself as a solvent. While this solvent presents greater manipulative diffi¬ 
culties, still it could not form colloidal organic decomposition products and 
should permit the deposition of pure metallic beryllium. 

History of Liquid Ammonia as Solvent 

Liquid ammonia has long been known as an excellent solvent for inorganic 
salts and various elementary substances, particularly the alkali metals. Gore, 
and Franklin and Kraus,^ have determined the solubilities of many salts in 
liquid ammonia and state that the most soluble salts are the nitrates, chlorides, 
bromides, and iodides while the sulfates, carbonates, fluorides, and oxides are 
generally insoluble. Several investigators have determined the conductivi¬ 
ties® of some of these solutions, chiefly those of the alkali metals, but they 
have rarely been interested in the possible electrode products. Since the 
solubility in liquid ammonia of only a few beryllium salts has ever been deter¬ 
mined and apparently the solutions have never been electrolyzed, it seemed 
possible that this might be a means of preparation of metallic beryllium that 
had been overlooked by previous workers. 

The chief objection to the use of liquid ammonia as a solvent is the diffi¬ 
culty of handling the solutions which must be maintained in an air-tight ap¬ 
paratus at a low temperature. A new solution must be prepared for each 
experiment and prolonged treatment of one solution is impossible. A paste 

‘ J. Phys. Chem., 35 , 2465, 2492 (1931). 

* Weyl: Pogg. Ann., 12i, 601 (1864); 123 , 350 (1864); Gore: Proc. Roy. Soc., 21, 140 
(1872-3); Seely: Chem. News, 23 , 169 (1871); FYanklin and Kraus: Am. Chem. J., 20, 820 
(1898). 

• Franklin and Kraus: Am. Chem. J., 23 , 277 (1900): Kraus and Bray: J. Am. Chem. 
Soc., 35 , 1315 (1913); Cady; J. Phys. Chem., I, 707 (1897). 
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of solid carbon dioxide in ether or acetone is the best available cooling agent 
that will maintain the pressure of the solutions below atmospheric during 
electrolysis, but requires constant replenishing during the experiment. 

On the other hand, ammonia possesses the striking ionizing properties 
characteristic of water and forms solutions of low resistance. Also ions travel 
much faster* in ammonia than in water thus improving the conductivities of 
salt solutions even if the concentrations are less than in water solutions. Its 
most important advantage in working with beryllium salts is the absence of 
hydroxyl groups which react with the beryllium salts to form hydrolyzed, 
slightly ionized compounds from which no metal can be deposited. The usual 
by-products of electrolysis of solutions in liquid ammonia are gases, N2 and 
H2, so that there should be no troublesome residual products to contaminate 
the deposited metal. Thus ammonia offered a solvent of many advantages 
and it seemed possible that the difficulties formerly met in attempts to sepa¬ 
rate metallic beryllium by electrolysis of its salts in solution, might be over¬ 
come in this medium. 

Apparatus 

A special apparatus had to be devised for the electrolysis of solutions in 
liquid ammonia. In the first experiments the apparatus described in a 
previous article (Beryllium 1 , loc. cit.) was used. This, however, required a 
cooling bath around the tube containing the solution. The only cooling 
bath which would keep the ammonia condensed was a paste of solid carbon 
dioxide in ether which gives temperatures in the neighborhood of 
This cooled the solution far below the boiling point of liquid ammonia and 
consequently lowered the possible conductivity of the solution. Since 
beryllium is a very light metal and requires considerable time for any weight 
of the metal to be deposited under even the most favorable conditions, it 
seemed advisable to maintain the solutions at the highest possible tempera¬ 
ture. This was accomplished by allowing the ammonia to boil off from the 
solution and to be recondensed by a cooling agent kept above the solution. 
Due to the bubbles of escaping ammonia gas this method also affords con¬ 
tinual stirring. 

The apparatus consisted of a large tube (T) containing the electrolyte, a 
Dewar Flask (D) sealed above the electrolyzing tube, and suitable connections 
to source of ammonia, suction, manometer and current. A pint vacuum flask 
was sealed to a long tube of 5 mm. internal diameter and connected by an 
inner seal to a tube 24 mm. in diameter. This larger tube carried two side- 
arms and a large conical joint (J) by which the electrolyzing tube could be 
attached. Platinum wires were sealed in at the two sidearms and were in¬ 
sulated by a glass capillary down to the point where the electrodes were welded 
on. A mercury manometer (M) served to indicate the pressures prevailing in 
the apparatus. The whole apparatus could be maintained evacuated for any 
desired length of time. The tube (T) was always oven dried and the whole 
apparatus repeatedly evacuated and rinsed with dry air before use. 


^ Franklin and Cady: J. Am. Chem. Soc., 26 , 499 (1904). 
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In the early work the lower end of the electrolyzing tube was merely 
rounded off like a test-tube but later it was deemed necessary to wash the 
deposited metal with liquid ammonia. This was accomplished by connecting 
the electrolyzing tube to a side flask (F), by means of glass tubing extending 
from the bottom of the electrolyzing tube to the upper part of F. Since this 
connecting tubing was not cooled during the electrolysis the ammonia gas 
which volatilized from the surface of the liquid in the connecting tube into 
the side flask gradually expanded and caused violent bumping as it was 
forced back through the solution by its own increasing pressure. The low 
temperature of the liquid ammonia solution made it dangerous to transfer 
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the residual liquid through a stopcock after the completion of a run so a mer¬ 
cury seal was designed to close off the connecting tubing and side flask during 
electrolysis and yet leave an easily opened exit for the residual solution and 
the subsequent liquid ammonia washings. 

The mercury seal consisted of two small ground joints, (G), into which 
ground conical floats fitted snugly when pushed into position by the rise of 
mercury. These valves were joined by a U-tube of 7 mm. glass and connected 
through a T to a stopcock (C) which regulated the flow of mercury supplied 
by an auxiliary leveling bulb. The conical floats were loaded with mercury 
but were often violently driven into place by the sudden boiling of the am¬ 
monia solution as it was transferred. They were later filled with powdered 
metallic iron and held in position over tiny glass-point supports at the bottom 
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of the tube by means of an external magnet. The electrolyzing flask, mercury 
seal and side flask were sealed together as a unit which could be placed in the 
oven for drying. This unit was attached to the rest of the apparatus through 
the conical joint and a flat joint (not shown in the cut) on the residue flask. 

Platinum electrodes were used throughout the work. The anode was a 
small piece of platinum sheet rolled into a small cylinder and insulated from 
the large platinum cathode which surrounded it by a glass spiral. Although 
the electrodes were placed as close as two or three millimeters, the glass spiral 
prevented short circuiting between the electrodes and yet offered very little 
hindrance to the passage of current. 

Solvent Purification. Solutes 

Dry ammonia from a tank (A) of the pure gas was passed through a four 
foot tube of quick lime (L) and condensed directly over the sample to be 
electrolyzed. 

In their determinations of solubilities of inorganic salts in liquid ammonia, 
Franklin and Kraus (loc. cit.) reported the sulfate, basic carbonate, chloride 
and oxide to be insoluble. Fluorides, sulfites, phosphates are in general 
insoluble so the selection of a suitable salt for solution in liquid ammonia was 
quite a problem. The iodide and bromide^ are rather hard to prepare. Anhy¬ 
drous beryllium chloride, nitrate and acetylacetonate were prepared as de¬ 
scribed in Beryllium I. To prepare the double fluoride of beryllium and 
ammonium,2 beryllium basic carbonate was dissolved in pure hydrofluoric 
acid, the calculated amount of ammonium fluoride added, and the mixture 
evaporated in a platinum crucible in a stream of dry carbon dioxide. The 
resulting double fluoride was crystalline, and was preserved in a desiccator 
over phosphoric anhydride until needed. 

Practically all the beryllium salts are extremely hygroscopic and must be 
handled in a dry atmosphere to prevent contamination with the products of 
hydrolysis. 

Other investigators have reported several ammoniates® of beryllium 
chloride which Franklin and Kraus, under the conditions of their method of 
determining solubilities, could not have detected. However, no one had 
noticed any definite solubility of the chloride in ammonia. Since this was 
the most easily available anhydrous salt further trial of its solubility in 
liquid ammonia was undertaken. Even if the salt dissolved in very small 
quantity it was thought that it might furnish a sufficient number of ions to 
produce metallic beryllium on electrolysis. The solubility of the double 
fluoride had never been determined but it was hoped that this salt also might 
be a suitable salt for electrolysis. The acetylacetonate is one of the few salts 
of beryllium that is not readily hydrolyzed and so is most satisfactory from 
the standpoint of ease of handling. Beryllium nitrate dehydrated by heating 
in a bath of fused ammonium nitrate was found to be a satisfactory solute. 

‘ Lebeau: Compt. rend., 126 , 1272 (1898); Ann. Chim. Phys., (7) 16 , 457 (1898). 

* Lebeau: Ann. Chim. Phys., (7) 16 489 (1898). 

*Mieleitner and Steinmetz: Z. anorg. Chem., 80 , 71 (1913); Ephraim: Ber., 45, 1322 
(1912); Lebeau: loc. cit. 
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Behavior of the Various Salts in Liquid Ammonia 

For the first tests of the solutions in liquid ammonia the simple apparatus 
described in the preceding articles was used. Ammonia was condensed over 
samples of the salts and the conductivity, electrode products, and general be¬ 
havior of the solution determined before trying the experiment in the larger 
apparatus. 

1. Solutions of Beryllium Acetylaceionaie, This salt dissolved slowly in 
liquid ammonia. When electrolysis was first started the solution carried 
0.2 A/sq. dm. at lo volts potential but this value slowly increased during three 
hours to a value of 2.0 amperes. After three hours further electrolysis the 
conductivity dropped to the initial value. At first a small amount of gas was 
evolved at the anode, later copious evolution of gas was observed at both 
electrodes and gelatinous, brown precipitate was deposited at the cathode. 
There was no indication of deposition of metal on the cathode. 

2. Solutions of Beryllium-ammonium Fluoride. Solutions of this salt in 
liquid ammonia carried only 0.015 amperes/sq. dm. with 10 volt potential. 
With 115 volts potential there was much gassing at both electrodes ap¬ 
parently due to boiling solvent. The conductivity rapidly increased from 
0.2 amperes/sq. dm. to 4.70 amperes in the course of five minutes. There was 
a slight indication of deposition of metal which formed a gray fog on the walls 
of the tube but the electrolysis had to be discontinued because of the excessive 
gassing at this high voltage. 

3. Solutio 7 is of Beryllium Chloride. Ammonia was condensed over pure, 
anhydrous beryllium chloride' which absorbed a considerable amount of 
ammonia before any liquid phase appeared. The volume of the salt in¬ 
creased markedly due to formation of the ammoniates. With 10 volts poten¬ 
tial the solution carried 0.2 amperes/sq. dm. but this value rapidly increased 
to 2.5 amperes, which was the constant value maintained during the rest of 
the run. Much gas was evolved at both electrodes and a black material 
deposited on the cathode to which it adhered loosely. The ammonia was 
evaporated off and the tube filled with absolute alcohol. This dissolved the 
residual beryllium chloride leaving the black deposit contaminated with some 
white transparent crystals not completely removed by repeated washings 
with alcohol. The black material readily dissolved in sulfuric and hydro¬ 
chloric acids and in sodium hydroxide, with evolution of gas as long as it was 
in contact with the platinum electrode. The metal is brittle, adheres very 
slightly to the cathode, and under the microscope has a distinct metallic 
lustre and crystalline structure. 

The presence of ammonium chloride in the alcoholic solution was detected 
microscopically on evaporation of the wash alcohol. The white crystalline 
salt, partly soluble in alcohol, is probably a product of the reaction of beryllium 
chloride with ammonia but its constitution was not determined. 

^ When E. C. Franklin was Visiting Professor in the Morley Chemical Laboratory, the 
senior author called our observations to his attention and supplied him metallic b^llium. 
He initiated studies on the halides and similar salts of beryllium in liquid ammonia. This 
work was continued on his return to Stanford University and published by F. W. Bergstrom: 
J. Am. Chem. Soc., 50 , 652, 657 (1928). 
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Since the solutions of beryllium chloride in liquid ammonia seemed the 
most suitable they were tested on a larger scale in the specially designed ap¬ 
paratus. A sample of beryllium chloride was introduced into the well-dried 
apparatus, the electrodes adjusted, and the system evacuated for several 
minutes to remove all permanent gases. The refrigerant was placed in the 
inner vessel of the Dewar flask (D) and dry ammonia passed slowly into the 
apparatus from the tank. The gaseous ammonia rose through the inner- 
sealed tube into the evacuated space between the two walls of the Dewar 
flask, was condensed, and dripped down on to the sample of chloride contained 
in the electrolyzing tube. Ammonia evaporated from this until the tube and 
chloride were cooled to the temperature of boiling ammonia and then it col¬ 
lected around the chloride. The chloride slowly swelled due to absorption of 
ammonia. The solid beryllium chloride slowly dissolved but not with suf¬ 
ficient speed to indicate ready solubility. 

During electrolysis ammonia constantly boiled off from the solution, 
passed into the Dewar flask and was recondensed into the solution. The 
drops of liquid ammonia ran down the spiral which was used to insulate the 
electrodes, and thus prevented splashing of drops into the solution and loss of 
salt on the walls of the tube. 

The copious gassing around the electrodes was due to boiling ammonia as 
there was very little non-condensable gas formed during the electrolysis. 
From 388 cc. of gas obtained during an experiment only three cubic centi¬ 
meters of gas were left after absorption in sulfuric acid; from 461 cc. about 
4.5 cc. were left unabsorbed. The small amount of gas made impractical a 
determination of its nature. This electrolysis had been run at high current 
densities so it is probable that some hydrogen had been give off at the cathode. 
On completion of electrolysis the mercury seal was lowered until the mercury 
stood just below the level of the connecting U-tube in the seal. All stop¬ 
cocks were closed, the ether-solid carbon dioxide refrigerant was brought up 
slowly around the side flask (F) and the liquid ammonia solution siphoned 
over as a result of the condensation of the ammonia gas. Violent agitation of 
the conical floats was obviated by insulating the connecting tubing and by 
holding the cones securely in place by means of a magnet. After the solution 
had been completely drawn over, the stopcocks to the back line of the ap¬ 
paratus were opened and the ammonia allowed to vaporize and pass back 
into the main apparatus where it was condensed by the upper Dewar flask 
and by a refrigerant around the electrolyzing flask. The electrodes were 
then soaked in the recondensed ammonia for fifteen minutes to permit solu¬ 
tion of residual salt and the ammonia siphoned over into the side flask as 
before. This process was repeated until constant conductivity indicated the 
metal was clean. The ammonia was evaporated from the side flask, the 
apparatus was evacuated and dry air admitted slowly. The electrodes were 
then removed for examination and should have been free from any beryllium 
compounds that might have been formed by hydrolysis during exposure to 
air. Apparently ammonium chloride was formed during the electrolysis but 
it was readily soluble in liquid ammonia. 



THE CHEMISTRY OP BERYLLIUM 


3117 


Since the metal tended to scale off from the electrode and to be carried 
away by the rush of the ammonia solution as it was transferred to the side 
flask, it was difficult to collect. 

Effect of Current Density on Deposit 

As it was difficult to collect completely the metal which was deposited 
on the cathode due to its lack of adherence several experiments were tried 
in an attempt to produce an adherent deposit of beryllium. It was thought 
that the current density might affect the nature of the deposit so one run was 
made at low current densities. Ammonia was condensed over beryllium 
chloride until the lower 2.5 cm. of the cathode were covered with solution. 
The total exposed surface of the cathode was about 30 square centimeters. 
With a line voltage of 2 volts only one milliampere could be forced through 
the solution. When the voltage was maintained at 3.6 volts which is just 
about the decomposition voltage of beryllium chloride, the current density 
was 0.02 amperes/sq. dm. The run was continued for twenty-five hours. 
The mercury seal was then lowered, the solution of ammonia and beryllium 
chloride siphoned over, and the electrodes washed three times. After the 
ammonia had been recondensed and the liquid allowed to stand over the 
electrodes for several minutes the ammeter readings for the second and third 
washings were consistently two milliamperes so the metal was thought to 
be clean. On opening the apparatus the cathode was found only slightly 
coated with metallic beryllium. Apparently either the solution of ammonium 
chloride that is formed as the electrolysis continues is sufficiently acid to 
dissolve off the metal which is readily soluble when in contact with platinum, 
or the voltage used was so close to the decomposition voltage that very little 
metal was deposited. The lower part of the cathode carried metallic beryl¬ 
lium that was perfectly clean. 

During another run the current density was maintained at 0.6 amperes/ 
sq. dm. for three hours. Successive washings of the metal gave ammeter 
readings equivalent to o.i ampere, 0.02 and 0.006 amperes per square deci¬ 
meter. This metal was contaminated with fragments of white material 
where the solution had splashed up from the boiling liquid. 

With high current densities the metal is deposited in small nodules that 
flake off the cathode easily. Apparently the current density is not the only 
factor that influences the nature of the deposited beryllium. 

Attempt to prepare Pure Metallic Beryllium 

Since the attempt to prepare adherent beryllium did not produce metal 
that would entirely remain on the cathodes, some other method of obtaining 
pure beryllium in quantity had to be devised. Since the metal tended to 
suspend in the ammonia solution as it is siphoned away after an experiment 
it was necessary to arrange some means of collecting the loose metal. A dried 
cellulose thimble was placed around the electrodes to catch the particles of 
metal that might drop from the cathode. The sample of beryllium chloride 
was placed outside the thimble with the idea that no material that had been 
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hydrolyzed during the exposure to air could get into the thimble and con¬ 
taminate the deposited metal. Ammonia was condensed over the whole sur¬ 
face of the cathode and the thimble. The total electrode surface at the 
cathode was about twenty square centimeters and carried 1.3 amperes/sq. 
dm. at 8 volts potential. The electrolysis was continued for five hours. After 
electrolysis the thimble and electrodes were completely covered with liquid 
ammonia and washed four times with freshly condensed ammonia. The re¬ 
sulting metal was quite pure. Under the microscope only occasional very fine 
particles of white residue could be observed in the crevices of the metal. 

Physical and Chemical Nature of the Metallic Beryllium 

The metallic beryllium is deposited unevenly over the surface of the 
cathode as a dark gray or black coating. Under the microscope the metal 
appears in small, warty nodules. These are usually grouped in small clusters 
of varying size, and resemble heavy warty nickel deposited from aqueous 
solutions. The nodular fragments are very readily crushed and separate into 
tiny microscopic particles consisting of small crystals of undetermined form. 
Some authors have stated that the metal is readily malleable but the pure 
metal obtained by us is frangible. It is possible that the metal, like chromium, 
occludes large quantities of hydrogen during its deposition and this prevents 
its cohering. Under the microscope the metal appears in small, highly re¬ 
fracting crystals grouped irregularly in small rounded lumps which are hol¬ 
low and seem to have been produced around a nucleus by successive deposi¬ 
tion layers. 

From its chemical behavior the metal is probably very pure. Previous 
authors have stated that beryllium is soluble in hydrochloric acid and in 
strong alkali hydroxides. The metal obtained by this method is insoluble in 
these reagents and only dissolves in aqua regia slowly on heating with re¬ 
peated quantities of the acids. The only simple way to dissolve the metal is 
to place it in contact with metallic platinum and use concentrated hydro¬ 
chloric acid in which the metal is then readily soluble. If a trace of impurity 
is present the metal dissolves readily in sulfuric acid, in hydrochloric and in 
sodium hydroxide with evolution of gas. In this matter of solubility the 
metallic beryllium which we have prepared resembles pure metallic zinc 
which likewise is very difficult to dissolve except in contact with a metal 
lower in the electromotive series. On this basis alone it seems likely that the 
metal is extremely pure. Obviously it cannot be contaminated with platinum 
and no carbon is present in the electrolyte. As far as we have found it does 
not react with pure water, or if so, extremely slowly. 

Determination of the Decomposition Voltages of Solutions of Beryllium 
Chloride in Liquid Ammonia 

An attempt was made to determine the decomposition voltage of the 
saturated solution while the pressure of ammonia was continually varying 
but the temperature of the solution seemed to have a very noticeable effect 
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on the decomposition voltage. Therefore it was necessary to maintain the 
temperature constant in order to obtain values that furnished a smooth plot 
for the decomposition voltage. The pressure of the solution was taken as a 
criterion of the prevailing temperature of the solution and was kept at a very 
definite value during two determinations of the decomposition voltages. 
The pressure of the solution was controlled by careful addition of small 
amounts of solid carbon dioxide to the refrigerant in the Dewar flask. An 
empty Dewar flask was kept around the electrolyzing flask to protect it 
from air currents but the solution was not cooled by any external means. 
A point on the mercury manometer was marked and the readings taken only 
when the pressure of the solution was exactly at that point. One operator 
controlled the temperature while the other made the readings of the voltage 
and amperage. Readings were made for every tenth of a volt change. De¬ 
terminations were made at a pressure of 350 mm. and 550 mm. The curve 
plotted from the values of the voltage and amperage at 350 mm. pressure 
showed no sharp break while that at 550 mm. gave a decomposition voltage 
break at 3.5 volts. As the voltage in another experiment was maintained at 
3.6 volts and small amounts of metal were deposited this value is apparently 
very near the actual decomposition voltage of this solution. The slight break 
on the 350 mm. curve was in practically the same position. The temperatures 
of these solutions may be roughly calculated by comparing the pressures with 
those determined for liquid ammonia by Brill.^ This gives a temperature 
for the 550 mm. solution of — 4o°C. and for the 350 mm. solution of —48.8^0. 
These values are only approximate as the presence of the solute would some¬ 
what alter the temperature for a given vapor pressure. 

Current Efficiency 

The current efficiency of this method of preparing metallic beryllium has 
not yet been obtained. The fact that some of the metal failed to adhere to the 
cathode made the ordinary method of determining current efficiency useless. 
The particles of metal were so small in some cases that they were readily 
carried away by the washings of liquid ammonia and lost. 

4. Solutions of Anhydrous Beryllium Nitrate and Ammonium Nitrate 

in Liquid Ammonia 

The meager solubility of beryllium chloride in liquid ammonia encouraged 
the trial of beryllium nitrate as solute. Beryllium nitrate, dehydrated in fused 
NH4NO8 as described in Beryllium I, slowly formed a heavy, viscous solu¬ 
tion when NHj gas was condensed over it. With 8 volts the solution carried 
60 A/dm^., but for extended runs the current density was reduced to 8 A/dm^. 
Smooth, adherent metal was deposited on the cathode. After repeated wash¬ 
ings with alcohol minute traces of white material adhering to the metal re¬ 
mained and could not be removed. The metal while in contact with platinum 
dissolved slowly in hydrochloric acid and was tested microchemically, the 


1 Ann. Physik, 21, 170 (1906); Chem. Abs., I, 268 (1907). 
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test proving the absence of any possible transferred platinum from the anode 
and giving clear evidence that the deposited metal was pure beryllium. 
Excess ammonia gas may be allowed to evaporate from the solution until a 
solution stable at room temperature is obtained. This solution is clear to 
slightly opaque and stable for extended periods if protected from moisture. 
More NHs may be condensed over it for further electrolysis or the heavy 
viscous solution may be electrolyzed at room temperature. This solution 
affords an easily controlled method of obtaining metallic beryllium. 

Summary 

Metallic beryllium may be obtained by a new method in a high degree of 
purity by electrolysis of solutions of its compounds in liquid ammonia. The 
metal itself is so pure that it can only be dissolved with difficulty in ordinary 
reagents. A special apparatus has been devised for electrolysis at the boiling 
point of ammonia solutions and has been modified to permit the washing of 
the deposited metal by liquid ammonia. The decomposition voltage of the 
BeCU-NHj solutions has been measured and the effect on the nature of the 
deposited metal of different current densities investigated. 

Electrolysis of liquid ammonia solutions of beryllium nitrate dehydrated 
in fused ammonium nitrate and containing some of the latter, gave coherent, 
adherent deposits of metallic beryllium. Even when the solution became 
concentrated by evaporation to a viscous mass at room temperature, beryl¬ 
lium could still be deposited from the hath. 


Morley Chemical Laboratory^ 
Western Reserve University^ 
Clet}eland., Ohio. 



THE ACTION OF FLUORINE ON CERTAIN AROMATIC 
COMPOUNDS AND A THEORY OF RING SUBSTITUTION* 

BY STEPHEN FRANCIS WHEARTY, JR. 

The Theories of Substitution and Orientation in the Benzene Ring 

When halogens act on benzene derivatives containing side chains there 
will be substitution in the nucleus or side chain depending upon conditions. 
In the case of bromine and toluene the facts may be summarized as follows:—^ 
Ring and chain substitution in the dark, temperature effect. 

2. C^.hain substitution in the sunlight. 

3. Chain substitution in the dark with H2O or dilute NaOH. 

4. (^hain substitution with PCU. 

5. (^hain substitution with sulphur as a carrier. 

6. Some chain substitution in the dark with H2O or dilute NaOH. 

7. Ring substitution with FeC^U, ICl, SbCU, etc. 

8. Ring substitution by electrolysis. 

9. Some ring substitution in the dark with H2O or dilute NaOH.^^ 

Various explanations have been offered to account for these phenomena, 

that of Bruner^ perhaps being the first of real significance. He maintains 
that nuclear substitution is due to a dissociation of the halogen molecule into 
atoms or ions and assumed that chain substitution is due to molecular halogen 
only. This hypothesis is favored by reaction velocity measurements since 
both side chain and nuclear substitution processes apparently take place ac¬ 
cording to the requirements of the equation for a unimolecular change. 

Bancroft"' enlarges upon Bruner^s theory by assuming that nuclear sub¬ 
stitution is caused by negative halogen ions and that side chain substitution 
is caused by positive ions. His five assumptions are as follows:— 

‘‘(a) There is a slight reversible dissociation of bromine into positive and 
negative particles or gaseous ions. 

Br2 = Br + Br' 

(b) There is a slight reversible reaction between bromine and the positive 
gaseous ion. 

Bra . Br = Bn + Br' 

(c) Substitution takes place in the ring when the negative gaseous ions 
are present in excess; otherwise it takes place in the side chain. 

(d) The addition products of benzene are to be considered as analogous 
to the chain substitution products of toluene. 

* This work was done under the programme now being carried out at Cornell University 
and supported in part by a grant from the Heckscher Foundation for the Advancement of 
Researcn established by August Heckscher at Cornell University. 

1 Bancroft: J. Phys, Chem., 12, 417 (1908). 

* Z. physik. Chem., 41 , 513 (1902); Cracovie: Bull. Akad. Sci., 1907 ,691; 1910 , 516, 560. 

® Bancroft: J. Phys. Chem., 12, 417 {1908). 
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(e) There is a reversible dissociation of the halogen carriers with formation 
of so-called gaseous halogen ions. Whether these ions are positive or negative 
depends on the nature of the carrier.’^ 

‘‘Of these assumptions the first and fourth are not new; the first half of 
the fifth has been made implicitly by everybody who has tried to account for 
halogen carriers without postulating the formation of an intermediate com¬ 
pound. It was explicitly made by Bruner. The second half of the fifth as¬ 
sumption is new but it is a necessary consequence of the first part of the 
assumption. 

“The second assumption is new, so far as I know, and is made because I 
cannot get along without it. The third assumption is also new but it is a 
necessary consequence of the first two assumptions.” 

“I will now show how these assumptions apply to the cases we have to 
account for. At low temperatures and in the dark, there will be a formation 
of Br2.Br’ and consequently an excess of Br'. The relative excess will be 
greater, the greater the concentration of the bromine. We should therefore 
expect ring substitution in concentrated solutions with an increasing per¬ 
centage of substitution in the side chain as we start with a more and more 
dilute bromine solution. This is exactly what was found by Bruner . . . With 
rising temperature we get increasing dissociation of Br2. Br', the ratio of Br 
to Br' increases, and consequently we get an increasing percentage of benzyl 
bromide among the reaction products. This was also found experimentally 
by Bruner. . . . Sunlight will increase the dissociation of Br2 and Br2. Br' and 
therefore bring the ratio of Br’ to Br' up very close to unity and consequently 
under the third assumption we shall get side chain substitution only, provided 
the intensity of the light is sufficient. In diffused light we shall of course get 
a state of things intermediate between the results for darkness and bright 
light. Both of these predictions have been confirmed experimentally.” 

“With a carrier such as ferric chloride our fifth assumption calls for a re¬ 
versible dissociation into gaseous halogen ions and ferrous chloride. With 
iron we can, of course, only have negative gaseous halogen ions and the equilib¬ 
rium will be represented by the equation 

FeCla = FeCU + 2CI' 

Under these conditions there will be enough negative gaseous ions to over¬ 
balance any positive ions which might come from the chlorine gas and we 
should expect to get ring substitution even in boiling toluene and even when 
the system is exposed to bright sunlight. This is exactly what happens.” 

“With the chlorides of iron, antimony, molybdenum and aluminum, there 
can be no question but that the chlorine is the negative radical. With iodine 
monochloride, however, the matter is more open to doubt. Since chlorine is a 
more powerful oxidizing agent than iodine, we might reasonably expect that 
iodine would be the positive radical and chlorine the negative radical. The 
margin of safety is not large however and the experimental results are just 
what we should expect under these circumstances. Iodine monochloride as 
carrier does substitute in the ring; but the dissociation is not sufficient to 
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prevent substitution in the side chain in boiling toluene, especially if the con¬ 
centration of iodine monochloride or monobromide is low. Of course, if one 
were to decrease sufficiently the concentration of ferric chloride as carrier 
there would come a point at which side chain substitution would also occur 
in boiling toluene in spite of the iron; but no such point has been determined 
experimentally,’^ 

‘‘While iodine monochloride is on the line, phosphorus pentachloride is 
apparently over it and either forms positive gaseous chlorine ions only or an 
equal quantity of positive and negative gaseous chlorine ions. It makes no 
difference which reaction we postulate 

PCI5 = PCls + 2CI' 

or PCU = PCI, + Cl + Cl' 

Either one will account for the formation of benzyl chloride by the action of 
chlorine and phosphorus pentachloride on toluene. Since phosphorus penta¬ 
chloride accelerates the rate, we must look upon it as a halogen carrier. This 
differs from the case of iodine monochloride because side chain substitution 
takes place with phosphorus pentachloride and chlorine in sunshine. Will- 
gerodt has shown that phosphorus pentachloride, chlorine and benzene form 
benzene hexachloride, so that its behavior with benzene corresponds to the 
behavior with toluene....” 

“It would strengthen the argument if it were possible to show why negative 
chlorine substitutes in the ring and positive chlorine in the side chain.” 

Another explanation to account for the mechanism of substitution is that 
of Holleman.' He accounts for side chain substitution by assuming that the 
replacement is due to molecular halogen. Nuclear substitution on the other 
hand he postulates as being the result of the action of a perhalide. 

Fry^ criticizes these theories and takes the opposite view to that of Ban¬ 
croft by assuming that nuclear substitution is due to positive halogen and 
side-chain substitution to negative halogen. 

Using the electronic conception of positive and negative valence to the 
atoms composing the benzene nucleus, Fry maintains that the following 
model represents the formula for benzene in which the hydrogen atoms in 
the 1,3,5 positions function negatively and those in the 2,4,6 positions fimc- 
tion positively.* 

H- 


H+v C+ yH+ 


H- C- H- 


H+ 

* Bee. Trav. chim., 27 , 435 (1908). 

> “The Electronic Conception of Valence and the Constitution of Benzene’’ (1921). 

• Z. physik. Chem., 76 , 385, 398, 591 (1911). 
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Evidence of the existence of positive chlorine has been furnished by 
Noyes' and Stieglitz^ while the positivity of chlorine in the 2,4,6 positions 
has been pointed out by Chattaway and Orton.® Also there is proof of the 
alternate negativity and positivity of the nuclear hydrogen atoms.^ 

On the basis of evidence such as this. Fry has formulated his theory to 
account for the mechanism of side chain and nuclear substitution and the 
processes of orientation following the Brown and Gibson rule.*^ 

“Now the application of the electronic conception of positive and negative 
valences to the constituent atoms of the benzene molecule and to the principles 
of the Brown and Gibson rule, not only rendered possible an interpretation 
of the rule, but also indicated a mechanism according to which substitution 
must take place in one way rather than in another way. This was a conse¬ 
quence of the evidence, both theoretical and experimental, that in benzene the 
hydrogen atoms in positions 1,3, and 5 are negative, while the hydrogen atoms 
in positions 2,4, and 6 (relatively speaking) are positive. Accordingly, when 
substituents are of the same sign or polarity they occupy positions which are 
meta to each other, but if two substituents are of opposite sign or polarity 
they will occupy positions either ortho or para to each other. The extension 
of these principles, and the electronic conception of valence to the phenomena 
and conditions of nucleus and side chain substitution may afford not only an 
explanation of the phenomena, but also indicate a possible and a probable 
mechanism of the process.” 

Because of the fact that the presence of moisture, low temperature and the 
absence of sunlight favors nucleus substitution and also because these factors 
cause the stabilization of hyprobromous and hypochlorous acids. Fry con¬ 
cludes that these substances are intermediates in nuclear substitution. The 
halogen therefore comes from the hypoacid and is positive. On the other hand 
the conditions which favor side chain substitutions i.e., high temperature, 
sunlight and absence of water also cause hypobromous and hypochlorous acids 
to act as oxidizing agents and Fry points out that side chain substitution is 
essentially an oxidation-reduction reaction. 

Accordingly the mechanism of nuclear substitution is as follows:— 



+ HO Cl 


H“ 


-H 


H+ 


€ 1 + 

H- 


+ HOH 


* J. Am. Chem. Soc., 23 , 460 (1901); 35 , 76 (1913); 42 , 991 (1920). 

’ J. Am. Chem. Soc., 23 , 797 (1901). 

’ J. Chem. Soc., 75 ; 1046 (1899); Ber., 32 , 3572 (1899). 

* J. Am. Chem. Soc., 38 , 1324 (1916). 

* “Electronic Conception of Valence and the Constitution of Benzene,” 133 (1921). 
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C 1 + 


It can be seen from this that the sign of the group already in the ring 
determines the position of the entering group. The NO2 groups directs into 
meta position and the CH3 group directs into ortho-para positions, this is in 
accord with the Gibson and Brown rule. 

The mechanism of the side chain substitution may be summarized as an 
intra-molecular oxidation-reduction process. 



Fry)[correIates this change from positive halogen to negative halogen in 
the side chain when halogenation occurs in the sunlight, by the fact that heat 
or sunlight will also convert HO~ Cl^ to Cl~ with an evolution of oxygen. 
In other words the halogen is reduced in both cases. 
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He explains the action of halogen carriers as follows :—'■ 

“R represents any halogen carrier such as water, pyridine, iodine chloride, 
phosphorus-, antimony-, and molybdenum-trihalides, or any other compound 
containing an atom which in uniting with chlorine or bromine, X*, increases 
its valence from (n) to (n + 2) as follows:— 

•f — -I- - 

R -f- X-X—►•X R X 



should be observed that the halogen acid eliminated during the course 

+ -f 

of the substitution is of the t3T)e H — — X, and not H — — X, the latter 

electromer never having been identified. If neither oxidation nor reduction 

+ — 

has occurred during nucleus substitution then the elimination of H — — X 
is conclusive evidence that the substituted halogen atom is positive, the 
reaction having preceded as indicated above. . . .” 

Fry’s ideas have been criticized from time to time. HoUeman^ states that 
“on studying this hypothesis more closely it seems to me that there are so 
many objections against it, that it cannot be accepted.’’ Brunei’ raises 
objections to the electronic conceptions of valence put forward in Fry’s work. 
“The chemical evidence advanced in support of this hypothesis in as far as 
it deals with simple phenomena is quite unconvincing. Any application 
of the theory involves the constant use of assumptions that render it too 
elastic to be proved or disproved by these applications.’’ 

Another one of the earlier theories developed to explain substitution in 
carbon chains, orientation in the benzene ring etc., is that of Flfirscheim.’ 
He goes back to the accepted ideas of the physicist as regards the structure 

I “Electronic Conception of Valence and the Constitution of Benzene,’’ 138 (1921). 

* J. Am. Chem. Soc., 36 , 2495 (1914). 

* J. Am. Chem. Soc., 37 , 722 (1915). 

^CSiem. Ind. Review, 3 , 246 (1925). 
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of the atom i.e., the Rutherford-Bohr-Sommerfeld conception of the rotation 
of electrons around a positive nucleus in orbits governed by the quantum 
theory and explains the behavior of a substance under certain conditions on 
the basis of “reactivity.” 

“Accordingly, in addition to external factors, such as temperature, 
medium, concentration, reactivity is governed by three internal factors:— 
the amount of affinity (quantitative factor “q”), the kind of affinity (polar 
factor “p”) available at each reacting atom and the magnitude of any steric 
hindrance (steric factor “s”) affecting each reacting atom” .... The nature 
of the affinity of all atoms in a molecule is modified, by a substituting atom, 
in the direction of the nature of the affinity of the latter, and it has been found 
that the extent to which atoms in direct combination modify the kind of 
each other’s affinity (“p”) is a direct function of the affinity content of the 
bond between them (“q”).” 

Using this idea that the reactivity is governed by the three internal fac¬ 
tors “p,” “q,” and “s,” Flhrecheim interprets and predicts orientation in the 
benzene ring, the degree of hydrolysis of salts of tautomeric acids and bases, 
the relative order of electrolytic dissociation constants of acids and bases, 
the thermionic dissociation of quaternary salts and bases and the mobility of 
substituents. He explains benzene substitution and orientation as follows,^ 
“The equilibrium principle when applied to benzene, leads to formula A, in 
which we have a symmetrical distribution of free and bound affinity. The 
amount of residual affinity at each carbon atom is less than at ethylene 
carbon, but more than at methane carbon. Consequently, the hydrogen 
atoms are more saturated even than in methane, and substitution is preceded 
by molecular addition exclusively at one of the six equivalent carbons (see 
formula B). Substitution of one of the hydrogens creates a new equilibrium 
with an asymmetric distribution of affinity. Thus the unsaturated, bivalent 
oxygen of methoxyl in anisol makes a bigger affinity demand on nuclear 
carbon than did the hydrogen of which it has taken the place, and this results 
in a shifting of bound and free affinity as shown in formula C, wherein the 
strong lines denote bonds with an affinity content greater than in benzene, 
dotted lines bonds with a lesser affinity content, and long and short arrows, 
respectively, amounts of free (residual) affinity greater and smaller than in 



1 Chem. Ind. Review, 3 , 348 (t 925 )- 
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benzene. It is seen that residual affinity is reduced at the meta carbons and 
increased at the ortho and para carbons, to which latter a substituting re¬ 
agent must be attracted. When, on the other hand, nitrobenzene, with its 
highly saturated pentavalent nitrogen, is considered, the distribution is re¬ 
versed, as shown in formula D, leading to meta substitution.^' 

Other workers in this field of benzene substitution have been principally 
concerned with the mechanism of orientation. Vorlander^ put forth the as¬ 
sumption that the atoms of a radical may exhibit an alternate polarity which 
may be indicated by means of the signs + and — attached to the radical. He 
writes the formulas for nitrobenzene and aniline as follows:— 


O- = N+ = 0- 


-f -f 




H+ - N- - H+ 





and points out that the carbon-nitrogen bonds in these two cases are not of 
the same type. He assumes each hydrogen to be positive, which means that 
in the case of nitrobenzene the positive NO2 group replaces the positive 
hydrogen and the general character of the benzene system is retained. How¬ 
ever, in the case of aniline the carbon-nitrogen union is different and Vor- 
lander assumes a strain to exist in the aniline molecule. He indicates the 
difference between the two by using long and short lines in his structural 
formula:— 


O- = N+ = 0“ 


+H 


H+ 




'\ + /\ 




\ 


+H 


H+ 


H+ - N - H+ 


+H 


H+ 




+H 


, + + 


H+ 


H+ 


These formulas show that the hydrogens in the ortho, para and meta posi¬ 
tions are different depending upon the substituent present. Vorlander uses 
this mechanism to explain the difference in the substitution processes in the 
two compounds. According to him, if a negative substituent is attached to 
a carbon atom of positive polarity, this substituent will be readily removed 
and easily replaced by another negative substituent. In the case of the three 
nitro-bromobenzenes. 


Ber., 53 , 263 (1919); J- prakt. Chem., 87 , 90 (1913); Ber., 37 , 1646, 1651 (1904); 
(1913); Ann., 341 , i (1905); 155. 25 » (1906). 
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-=N+ 

= 0 - 

1 

0 

1) 

ii 
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0 

0 = N+= 

A 

—Br~ 

A 

A 

+ + 


1 +• + 

r 1 



A-Br- 








Br“ 


the bromine in the meta position is attached to a carbon atom of like sign; 
this makes it far less reactive than the bromine atoms in the ortho and para 
positions. 

A confirmation of Vorlander^s ideas is found in i,2,4,6-tetrachloro-3,5- 
dinitro-benzene, 


Cl- 


/\ 


\/ 

ci- 


Cl- 


In this compound the only chlorine attached to a negative carbon atom is the 
one in the i-position. The others can be removed by various groups, but the 
one in the i-position is inactive. 

It should be noticed that according to this theory the halogens in the 
nucleus are negative. 

An orientation theory which leads to the same results as those of Vor- 
lander\s is “the induced alternate polarity” principle in chains of atoms and 
first brought out by Lapworth.^ 

He postulates that the laws involving changes in carbon compounds are 
necessary changes from the operation of the laws of free valencies arising from 
some point of dissociation or excitation. If some disturbance occurs at one 
carbon atom in a chain there will be a shift in the valence conditions sur¬ 
rounding each atom and it is assumed that this shift is manifested by the 
alternate atoms in the chain acting as similar seats of excitation. Any dis¬ 
turbance in the valence conditions of one atom in a chain sets up a constraint 
and the atom strives to regain its normal condition by redistributing the 
valencies elsewhere. 

While enlarging upon his ideas, Lapworth brings in the conception of the 
“key atom.” This is the atom which is supposed to cause the alternating 
induced effect evidenced by peculiar properties of the compound. Gough and 
Thorpe^ illustrate this point by showing that when ortho and para xylylene 
dibromides interact with potassium cyanide in alcohol solution, the end pro¬ 
ducts are dicyanides; and no monocyanide is isolated in either case. On the 
other hand meta xylylene dibromide under the same conditions easily yields 
a monocyanide. The alternating polarities are shown as follows, the under¬ 
lined bromine atom being the “key atom”:— 


^ J. Chem. 80c., 121, 416 (1922). 

2 J. Chem. Soc., 115 , 1155 (1919). 
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CHjBr- 
r ^CH»Br+ 





C+HiBr- 


+ 

CH*Br- 


/\ CHjBr 


CHiBi^ 


When a cyanide radical is introduced in place of this bromine atom, the new 
“key atom” is the nitrogen atom. This new “key atom” accentuates the 
negative nature of the bromine atoms in the ortho and para positions but 
tends to neutralize the normal negativity of the bromine in the meta derivative. 
This is probably the reason for the fact that the monocyanide is formed from 
the meta compound. 


/X CHsC+N- 

/ + \+ 

CHjBr- 


+ 

\-/ 


/\ CH*C+N- 

/ ■^ \ 


<^>'CH*Br+ 


CH,C+-N 


V 


CHaBr- 


Although the theory of induced alternate polarities fits in nicely with a 
great many cases, the concept of the ‘^key atom^^ leaves much to be desired. 
After the facts are known the ‘‘key atom’^ may be selected but the advantage 
of a theory is to predict the facts and this cannot be done when there is no 
means of selecting from several atoms present the one to be designated as the 
“key atom.” 

The basic features of Lapworth^s theory were brought out long before the 
modern conceptions of valence were introduced,^ but later on* he showed that 
his ideas might be made to agree with Lewises ideas of atomic structure. 

Another view of the whole subject based on the modem conceptions of 
atomic structure has been developed by Kermack and Robinson.* Their con¬ 
clusions are the same as those of Lapworth but they give a definite conception 
of the “key atom.” 

The formula for benzene based on Lewises idea of shared electrons is as 
follows:— 

H 

C 


H : C C : H 

H:C C :H 

.. 

c 

_ K 

1 J. Chem. Soc., 73 , 445 (1898). 

> J. Chem. Soc., 121, 423 (1922). 

3 J. Chem. Soc., 121, 427 (1922). 
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If a BubBtituent such as chlorine, which tends to complete its octet of electrons, 
is introduced a shift of electrons throughout the ring occurs thus:— 



C 

H:C C:H 

H:C C;H 

** 

C 

H 

The carbon atoms in the 1,3,5 positions are rendered unstable and those in the 
2,4,6 positions stable. This then tends to favor meta substitution. 

On the contrary if the substituent in the NOt group the carbon atoms in 
the 2,4,6 positions are made unstable because in this case the oxygen atoms 
tend to form stable octets and thus alternately the carbon atoms in the 1,3,5 
positions are stable. This leads to ortho-para substitution. 

Although this is not the whole story it serves to point out the similarity 
to the alternating polarity idea of Lapworth and defines the “key atom” as 
the atom that will form a stable octet grouping. 

A complete outline of this theory as it has been developed by Robinson, 
Kermack, Ingold and others is given by Ingold.^ 

Besides the above mentioned effect of induced alternate polarities, called 
the “inductive effect” the substituent may exert its influence in the molecule 
through a “tautomeric effect” and a “direct effect.” 

When there are unshared electrons adjacent to the aromatic nucleus 
tautomeric electron displacements are made possible and these give negative 
charges to the ortho and para carbon atoms. This tautomeric effect explains 
why the chlorine atom in benzene monochloride directs into ortho-para positions 
while on the basis of the inductive effect alone it should direct into the meta 
position. 

The “direct effect” is always present but has to be considered only when 
the inductive and tautomeric effects balance each other. The fundamental 
idea here is that the permanent electro-chemical nature of the substituent will 
change the electron—availability at the various positions in the aromatic 
nucleus by an effect acting through space in addition to the atom to atom 
relay. Once originated however its distribution will be in the order ortho, 
meta, para rather than ortho, para, meta as in the case of the inductive 
effect. These three effects are nicely illustrated by numerous examples of 
cases of substitution and orientation. 

Ingold^ describes the attack of the reagent molecules as follows:—“Two 
internal factors relating to the reagent may be expected to contribute to the 


‘ Rec. Trav. chim., 48 , 797 (1929). 
* Rec. Trav. chim., 48 , 808 (1929). 
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facility with which the ordinary substituting agents attack an aromatic 
nucleus. These are first the polarization, or capacity for polarization, of the 
attacking molecule and secondly the proton—affinity of the anionic portion 
ultimately eliminated in combination with hydrogen. The collaboration of 
the two factors has been pictured for nitration by means of the following 
illustrative scheme, in which, once molecular addition to the negative carbon 
atom has been effected (the orientation), the tendency of hydrion and hydrox¬ 
ide ion to form undissociated water determines the completion of the reaction 
(the substitution): 



HO-NO2 HOe-NOa HO NO2 

6 ~ 5 + “ + 


**.When the atom to be replaced is not hydrogen (which is normally 

stable as its positive ion), but is an atom or group such as chlorine which is 
most stable as its negative ion, a group of positive- centre- seeking, or, to 
use Bronsted’s term, ‘"basic^^ reagents (HNRR', OR, SR, ~ S, etc.) became 
especially effective in leading to substitution. . 

The above mechanism illustrating the introduction of the NO2 group is 
similar to that of Fry. The symbol ** 5 ^' represents the electron repulsion or 
attraction necessary to start the reaction. In the case of halogenation Ingold, 
Smith and Vass^ state *Tn explanation of the process of halogenation. Fry, 
Cofman, Francis and others have supposed that the halogen molecule ionizes, 
the positive ion being the active agent. Whilst, however, it seems unlikely 
that such a decomposition involving the exclusive appropriation of electrons 
by one atom, would take place without external excitation, the electron re¬ 
pulsion of a negative centre (e.g., in an aromatic nucleus) might supply the 
necessary stimulus by tending to divest a halogen atom of its shared electrons 
during combination, leaving the other halogen atom to escape as negative 
ion. Thus, the activity of a molecular chlorinating agent, X.Cl, should in¬ 
crease with the electron affinity of X, and similarly for bromination and 
iodination, which agrees with the fact that bromine chlorides is a powerful 
brominating agent, but does not chlorinate, that iodine monochloride iodin- 
ates. . . 

The fact that iodine trichloride is a chlorinating agent is explained on the 
basis of the theory of “singlet'^ linkings. Prideaux^ writes the formula for 
iodine trichloride thus:— 

1 J. Chem. 80c., 130, 1245 (1927). 

2 Chem. Ind., 42, 672 (1923). 
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Cl 

— » 

or Cl : I; 

Cl 

Cl - 1 +.CU Cl—-I 

in which the binding electrons attached to the negative chlorine atoms are 
furnished by the iodine atom. This leaves the iodine atom positive and the 
chlorine atoms negative. 

Ingold and Ingold* explain halogenation by compounds of this nature as 
follows:— 

“It has also to be remembered that the dissociation of a reagent into 
neutral atoms, or radicles, may lead to substitution in positions determined by 
the consideration that those neutral atoms (e.g.. Cl) which have to gain 
electrons to form their stable ions will seek out negative centres, and in this 
respect simulate a positive group, and vice versa. This may well be the 
mechanism of chlorination by phosphorus pentachloride, iodine trichloride 
and aryliodide dichlorides each of the two loosely held chlorine atoms in these 
compounds being regarded as bound by a single electron and as in a state of 
incipient atomic dissociation of the following kind:— 

•••Cl; ih-) 

n.l: —h R:i) +2(31 

(n) (n) 

•.Cl.i Q-) 

“Thus it happens that chlorine although negative (0.5 unit charge) in the 
original group, tends to separate as a neutral atom which so desires an electron 
that it simulates a positive group. Thus the apparent anomoly of negative 
chlorine leaving positive iodine or phosphorus to become attached to negative 
carbon is explained.” 

Studying the halogenation of phenol from the reaction velocity viewpoint 
Soper and Smith® show that the reaction between phenol and hypochlorous 
acid involves the phenoxide ion and the un-ionized hypochlorous acid and 
that in the case of iodination the main reactions are those between the 
hypoiodous acid and ionized and unionized phenol. 

Experiments on the electrolytic oxidation of aromatic compounds® show 
that a negative hydroxyl group is introduced into the nucleus in the same 
positions as those into which a positive nitro group would enter. Oxidation 

* J. Chem. Soc., 129 , 1310 (1926). 

* J. Chem. Soc., 129 , 1582 (1926); 2757 (1927). 

' Fichter and Alder: Helv. chim. acta, 8, 74 (1925). 
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at the anode gives a neutral hydroxyl radical which contains one electim 
less than the number required to form the stable group and will therefai<e 
seek out the negative centers of the aromatic nucleus. This is similar to tho 
behavior of a positive group. 

From reaction velocity measurements it has recently' been shown that the 
general electron drift influence is usually the predominating factor in deter¬ 
mining aromatic reactivity. Moreover, Bradfield and Jones^ indicate from 
reaction velocity measurements that groups keep their relative reacting powers 
under widely differing reaction conditions. 

Another aid to the study of substitution processes is the investigation of 
the local electrical fields in the neighborhood of the various atoms. ^^Sueh an 
investigation can be carried out in certain cases by measurement of the 
electrostatic dipole moment of the molecule and though the electrical polari¬ 
zation of the normal 'resting form’ of the molecule which is that measurable 
by purely physical methods, may be radically different from that of the 
'activated form’ of the molecule at the moment of reaction there is remarkable 
agreement between the theoretical deductions drawn from such measure¬ 
ments and the known facts of aromatic substitution.”® 

The mass of evidence for and against each of the theories presented, is 
enormous. There seems to be agreement on several points but in general the 
problem is still a very complex one. 

The following ideas on the subject seem to have been accepted by most 
everyone:— 

(1) The chlorine molecule when reacting with benzene dissociates into 
positive and negative ions; the positive ion enters the nucleus and the negative 
ion unites with the positive hydrogen to form HCl. In this process the 
benzene is activated in some manner. 

(2) The modem electronic views of atomic structure, together with the 
modem conceptions of electro-valence, co-valence and coordinated valence 
are applicable to aromatic substitution and orientation. 

(3) Because of the facts of ortho, para and meta substitution the sub¬ 
stituent causes an alternate induced polarity along the nuclear carbons. This 
involves a key atom in the case of groups such as CHs, NO2, etc. 

However, although these several points seem to be generally accepted 
they have not met with universal approval. Because of this, new terms and 
new theories are constantly being introduced in attempts to solve the problem. 
Indeed it is the opinion of some people that introducing these various con¬ 
ceptions of co-valence, semi-polar linkages, induced alternate polarities, 
etc., leads only to confusion. For instance, Cranston^ points out that there 
has been no uniformity in the choice of symbols to represent the various types 
of linkages used in the development of the electronic theory of valence. As a 

^ Shoesmith and Slator: J. Chem. Soc. 129 , 216 (1926); Olivier: Rec. Trav. chim., 41 , 
646 (1922); 42 , 516 (1923); Berger and Olivier: 46 , 517 (1927); Berger: 46 , 545 (1927). 

^ J. Chem. Soc., 1928 , loio. 

* Waters: Science Progress, 23 , 649 (1929). 

* J. Soc. Chem. Ind., 47 , 208 (1928). 
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rMillt of this it very often happens that two people, supporters of the same 
theory, sate tmable to comprehend each other. Also these new conceptions 
are prdbalUy making the problems far more complicated than they actually 
are. Fly* in showing why chemists are inclined to impose upon structural 
formulas Sn octet system of valence notation says: “Most chemists, I believe, 
are more fiartial to the Lewis-Langmuir conception of electronic shells than 
to the Bohr conception of electronic orbits. A possible reason for this attitude 
may be the fact that the cubical octet conception is primarily and funda- 
mentalfy an outgrowth and a pictorial elaboration, in terms of atomic struc¬ 
ture, oS the original conception of Abegg and Bodl&nder, who, in 1899, stated 
that atinns display different kinds of valency termed “normal” and “counter” 
valency of opposite polarity according as they are united with electropositive 
and electronegative atoms. Furthermore, it is a question in the minds of 
many chemists whether or not the Lewis-Langmuir valence conceptions and 
notations possess any more, or perhaps as much, truly chemical significance 
as that wMdi characterizes the Abegg and Bodl&nder system.” 

“Now when we come to consider the actual chemical properties of atoms 
wd molecules, no matter what attempts may be made to explain valency by 
an electronic pictorial notation, all that the chemist knows pragmatically 
about the valence of an atom may be embodied in the simple fact that if (n) 
be the emf^rically determined valence of a given atom, that atom may function 
in (n + i) different ways. This has been fully illustrated in the numerous 
publications of the interpretations of a great variety of chemical reactions. 
This is abo a direct and simplified modification of the conceptions of Abegg 
and Bodlinder and it does not require the amplification and entailed ambiguity 
necessarily encountered when the cubical octet or other s}rstems of electronic 
valence notation are imposed upon structural formulas. It enables us to 
eorrciate in a simple fashion the several ways in which atoms and radicals 
react, positively, negatively, and amphoterically, in strict conformity with 
the actual chemical behavior of the molecule as amply illustrated by the well 
establii^ed chemical reactions actually being dealt with such as ionization and 
electn^^sis, hydrolysis, and oxidation-reduction processes. In fact, practically 
all diemical phenomena may be classified under these types.” 

Tliere seems to be therefore a great demand for some simple workable 
theory that will explain the facts sufficiently well without going back to the 
fimdamental conceptions of the structure of the atom. It is the purpose of this 
to call attention to the theory of substitution proposed by Bancroft in 
1908, substantiate it and to show that slightly modified it will exfdain the 
facts of nuclear and side chain substitution in a simple planner. 

One of the big objections to Bancroft’s theory has been his postulation 
that the entering halogen is negative in ring substitution. Most all of the 
other theories have it as positive and this view point has been generally ac- 
cepflcd as has been pointed out above. However there are still arguments in 
favor of the negative halogen. Flilrscheim,* to cite one instance, when speak- 

> Chem. Reviews, 5 , 559 (1938). 

* Rec. Trsv. chim., 48 , 819 (1939). 
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ing of the recent theory of induced alternating polarities states that^ *^Suice 

the new theory depends.on the assumption that the entering group has 

a positive charge this assumption may be refuted.” Also the assumptions it is 
necessary to make when contradictions to the positive theory appear com¬ 
plicate the problem. Illustrations of this, already mentioned are the single 
linkages of Prideaux to explain chlorination by iodine trichloride and the 
^‘tautomeric effect” of Robinson, Kermack, Ingold, et. al., to explain why 
the chlorine atom in benzene monochloridc directs into ortho and para posi¬ 
tions when it should direct into meta position if positive. In addition reaction 
velocity measurements have shown that very often in benzene substitution 
the reaction is not a function of the halogen at all but that the unionized 
reactant is the predominating factor. 

Purpose of This Investigation 

It is the purpose of the first part of this paper to offer an explanation for 
the mechanism of the process of ring substitution and to uphold Bancroft's 
theory by showing that the entering halogen is negative. In the second part 
the theory will be extended and applied to cover cases where the substitution 
is not a function of the halogen alone. 

Introduction to Experimental Part 

When ferric chloride or chlorine and ferric chloride reacts with benzene or 
toluene to form chlorobenzene, the chlorine is certainly negative; but we do 
not know whether the ring hydrogen is positive or negative until we know 
whether the first step in the reaction is the replacement of hydrogen by chlorine 
or the reaction of hydrogen with chlorine. We can picture two quite different 
mechanisms:— 

(1) CeHe + CI2 = CeHsCl + [H + Cl = HCl]; 

(2) CeHe + CI2 = HCl + [C«H5 + Cl = CbHbCI]. 

In the first reaction we have negative chlorine replacing a negative hydrogen 
and the replaced hydrogen reacting with the residual chlorine. This was the 
case postulated implicitly by Bancroft^ in his theory of halogen substitution. 
In the second reaction negative chlorine reacts with positive hydrogen and the 
resulting phenyl radical, CbHb, combines with the residual chlorine. 

When chlorine acts on benzene in the sunlight there is formed benzene 
hexachloride, which breaks down under suitable treatment into trichloro¬ 
benzene and hydrochloric acid. 

CeHeCle CeHsCU + 3HCI. 

In this case it seems certain that the primary reaction is the splitting off of 
hydrogen chloride and the residual chlorines combine with the CeHa gtoup 
to give trichlorobenzene. This is the more certain because the reaction takes 


1 J. Phys. Chem., 12, 417 (1908). 
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place (m boiling with alkali, which would of course tend to split off hydro¬ 
chloric add. 

It is extremely probable that the six chlorines add on in pairs and not 
simultaneously. On this assumption the reaction would take place in three 
stages theinetically though not practically: 

C,H, -I- 3 CU = CeH,Cl, + 2CI* = C.H,Cl4 + Cl, = CeKUCle. 

If we had a substance which accelerated the splitting off of hydrogen chloride 
at the end the first stage, the reaction would be written 

C,H, + Cl, = C,H,C 1 , = C,H,C 1 -1- HCl. 

If ferric chloride were such a substance, the chlorination of benzene in presence 
of light and of ferric chloride would involve the same first stage and we could 
say that Equation 2 was right. Unfortunately it turns out experimentally 
that ferric chloride is not that kind of a catalyst. Some benzene hexachloride 
was heated in an electric furnace to over 200® with and without ferric chloride. 
In both cases there was a small amount of hydrogen chloride evolved; but 
there was no catalysis by the ferric chloride. This indicates that Equation 2 
does not hold for the chlorination of benzene in presence of ferric chloride. If 
Equation i is the only other possibility, and it seems to be, then Equation i 
must hold for the chlorination of benzene in the presence of ferric chloride, 
stannic chloride, aluminum chloride, etc., and the ring hydrogen in benzene 
and toluene must be negative relatively. On the other hand a negative 
proof is not very satisfactory and it was therefore hoped that the action of 
fluorine on benzene might be helpful if it were found possible to make the 
reactions take place slowly. 

Preparation of Fluorine 

The method of preparing fluorine was essentially the same as that 
worked out by Argo, Mathers, Humiston and Anderson,' later modified by 
Meyer and Sandow* and by Simons.* The apparatus used during the first 
part of the work was that set up by Jones^ in this laboratory but later a 
cathode pot of larger capacity kindly loaned us by Professor Frank C. Mathers 
of Indiana University was employed. Several other changes were made also; 
these will be pointed out later. 

The cell (Fig. i) consists of a magnesium pot which serves as cathode, 
heated electrically by a nichrome element, and a magnesium diaphragm or 
beU through the top of which is suspended the anode, a carbon rod. The 
diaphragm serves to prevent the union of hydn^n and fluorine generated 
at tl^ respective electrodes. A thin magnesium plate is placed over the 
lower part of the diaphragm in order to deflect any hydrogen rising from the 
botttna of the pot. Several holes are drilled in the diaphragm to allow for 

‘ Ttmm. Am. Electrocbem. Soc., 35 , 335 (1919). 

* B«r., 54 , 759 (1921). 

* S. Am. Chem. Soc., 4 «, 2175 (1924). 

* J. FhyB. Chem., 33 801 (1929). 
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Fig. I 

circulation of the electrolyte. The anode is connected to the eleobo^nuig 
circuit by a heavy copper wire driven into a hole in the end of the cfcbos. la 
order to insulate the copper lead from the diaphragm the space arowMi it it 
filled with pasty Portland cement and then baked at 2oo°C. This sa^ holdt 
the anode rigid and will withstand the action of fluorine for severaltatoatht 
before breaking down. The temperature of the bath is determined by a 
thermometer incased in a magnesium well immersed in the electrolyte. 

The cathode pot is 4^ inches internal diameter and 8^ inches Wgt»; tiie 
diaphragm is 7 inches high by 2 inches internal diameter. Both pi^Ms aie 



















ACTION OF FLUOBINB ON ABOUATIC COMPOXTNDB 


3139 


1/4 inch in wall thickness. The anode is a one-inch graphite rod 6}4 inches 
long. The thermometer well was made by drilling a 5/16 inch hole almost 
throujdi a 1/3 inch magnesium rod 9 inches long. 

A 1/4 inch copper tube leads off from the top of the anode compartment 
and connects to a purification train by means of a copper flange union made 
gas tight by a gasket of thin copper. Because of the ease with which fluorine 
attacked the several sold^d joints on the purification U tubes used by Jones, 
it was decided to employ a straight copper tube which would involve two 
threaded joints only. The threads corrode quickly so the apparatus remains 
gas-tiidii' indefinitely. To save space this straight purification tube can be 
bent into a U. Sintered lumps of sodium fluoride are used in the purification 
train to take out hydrofluoric acid given off by the molten bath. 



ftajtriNe e/irewr 

tt-tcT/toLr-rff/G eiiteutT 


Flo. 3 

In the past, workers in this field have used for the electrolyte either sodium 
or potassium bifluorides. In making a choice the following factors were taken 
into consideration:— 

(i) Sodium bifluoride is cheaper than potassium bifluoride. 

(3) Sodium bifluoride has more fluorine per gram. 

(3) Potassium bifluoride is hygroscopic; sodium bifluoride is not. 

(4) Potassium bifluoride tends to creep over the side of the pot and thus 
destroy the heat-insulating material and to short-circuit the heating unit. 

(s) Sodium bifluoride decomposes before the melting point is reached; 
potassium bifluoride does not. 

(6) A mixture of the two would give a lower melting point. This would 
save time in heating the bath and also save electrical energy. 

It was decided to use a mixture of the two salts containing 35% sodium 
Mfluoride. This mixture has a melting pmnt of 170° which is 50° lower than 
potasdum bifluoride alone and about the lowest of any combination of the 
two salts. There is little or no creeping by the electrol3rte and the hygroscopic 
nature of the potassium bifluoride is diminished to such an extent that there is 
hardly any tmode polarisation by oxygen resulting from the electrolysis of 
water. However more hydrofluoric add is given off than from a bath of 
potassium bifluoride alone so a larger purification train is necessary. 
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The bath is kept heated by an element connected through an ammeter 
and rheostat to the no volt A.C. line, (Fig. 2). Six amperes are used until 
the charge is molten and the electrolysis started. This is then reduced to about 
three amperes depending on the amount of fluorine left in the bath. When 
the electrolysis is started, the anode covers itself with a film of oxygen because 
the water in the bath electrolyzes out before any fluorine will be generated. 
This film is pierced by 110 volts when the current is reversed. The electrolysis 
is carried out at three amperes, the cell delivering about 900 cc. fluorine per 
hour. A charge of 3400 grams replenished from time to time to compensate 
for volume decrease was still in operation after over 100 hours of continuous 
usage. The fusion temperature starting at 170® for a fresh bath rises gradually 
as the fluorine is used up. 



Apparatus and Manipulation 

The apparatus (with the exception of the generator) is shown in Fig. 3. 
The copper purification tube (J) is joined to the rest of the apparatus by a 
glass-on-copper seal at (H). This union may also be made by using glass 
tubing of slightly larger diameter than that of the copper, slipping it over the 
copper and sealing with paraflin wax. Fluorine from the generator is collected 
over mercury in a bulb of approximately 600 cc. capacity (A), and then run 
into the reaction chamber (B) by raising the levelling bulb (C). The rate of 
flow is regulated by the stop cock (D) and is estimated by the number of 
bubbles forming at the delivery tube (E) which dips into carbon tetrachloride. 
This arrangement is also used to indicate the rate of flow of fluorine into the 
reservoir from the generator. Stop cock (F) is opened and if the liquid levels 
inside and outside at the delivery tube are the same, fluorine is flowing into 
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the reservoir as fast as it is being generated. This flow is regulated by stop 
cock (D). In this manner loss of fluorine, or contamination by air in case 
there are leaks in the apparatus is prevented. Because of the fact that leaks 
develop around the stop-cocks it is necessary to replace most of the apparatus 
about once a week. 'Xubriseal” stop cock grease is used and although it is 
attacked by fluorine the action is not fast enough to set fire to the material 
and break the stop cocks as was the case with several other greases tried. 

Two different types of reaction vessels are used depending on whether the 
material to be treated with fluorine is a liquid or a solid. In the case of solids 
the arrangement (B) is employed. Fluorine passes up through the material, 
the reaction product (if liquid) drips down and is drawn off through the stop 
cock (G). A fresh supply of reactant can be added from time to time through 
the top. With solutions a wash-bottle arrangement (I) proves to be satis¬ 
factory. 

The Action of Fluorine on Benzene 

When fluorine was passed into dry benzene at room temperature, small 
explosions occurred, CF4 and HF were evolved and carbon deposited. How¬ 
ever the action was made to take place quietly by diluting the fluorine with 
dry nitrogen in the proportion i :i and cooling the benzene to about 7®. Under 
these conditions the solution became murky and a thick material, with an 
odor somewhat like that of diphenyl, formed in the delivery tube. After pro¬ 
longed fluorination the solution became very dark and some of the tarry 
material settled to the bottom. This was filtered off and the filtrate, shaken 
with dilute alkali until free from HF. No attempt was made to separate the 
fluorobenzene suspected of being present from the excess benzene by distillation, 
because of the fact that the two boiling points are very close together. However 
an attempt was made to establish the presence of fluorobenzene by nitration with 
I :i nitric-sulphuric acid mixture. This converts the benzene into the dinitro 
derivative,^ m.p. 90®, b.p. 297®, and fluorobenzene into a 9:1 mixture of para 
and ortho nitrofluorbenzenes, m.p. of the mixture 18.55®.^ Sodium methylate 
converts the latter compound quantitatively into the corresponding anisole 
m.p. 54®, with a separation of sodium fluoride.® No fluorobenzene could be 
detected by this method. 

The solid material remaining was washed as well as possible with dilute 
alkali and then tested qualitatively for fluorine by a potassium fusion and 
precipitation of CaF2 from faintly alkaline solution by Ca(N08)2. Fluorine 
was found to be present by this method. No further analysis was attempted, 
but from the tarry nature of the material and the similarity of its odor to 
diphenyl it was assumed to be a fluor-substituted condensation product. 

^ Kamm: ^^Qualitative Organic Analysia,” 165 (1923). 

^Holleman: Rec. Trav. chim., 24 , 140 (1905). 

® Holleman; Rec. Trav. chim., 23 , 225 (1904^ 
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The Action of Fluorine on Toluene 

Toluene behaved similarly to benzene when diluted fluorine was bubbled 
through. No fluor-substituted toluenes could be detected and a tarry residue 
which gave a qualitative test for fluorine was formed as in the case of benzene. 

The Action of Fluorine on Anisole 

Anisole was chosen because it is supposed to have an active hydrogen atom. 
Nevertheless fluorine without dilution could be bubbled fairly rapidly through 
this material without a violent reaction taking place. No tarry material was 
formed in this case but the solution changed from colorless to dark red. By 
fractional distillation after refluxing to get rid of dissolved gases, the excess 
anisole was removed and the dark red liquid remaining gave a qualitative 
test for fluorine. 

The Action of Fluorine on 1 , 3 , 5 -Trinitrobenzene 

Fluorine set fire rather readily to 1,3,5-trinitrobenzene but by dilution and 
careful regulation a reaction could be made to take place quietly. After many 
hours of endeavor the reaction was abandoned because although the mixture 
became sticky and pasty it seemed to bum away slowly. 

The Action of Fluorine on Hezachlorobenzene 

When fluorine was passed slowly over hexachlorobenzene a reaction took 
place which was evidenced by a heating of the reaction vessel and an evolution 
of chlorine. If however, the rate of flow was increased, small explosions 
occurred and carbon was formed. If the reaction chamber was cooled there 
seemed to be little or no reaction. It was necessary therefore to regulate 
carefully the flow of fluorine, reducing the rate when small explosions began 
yet having it flow fast enough to keep the reaction mixture warm. After 
many hours of fiuorination a colorless sticky liquid of peculiar odor started to 
form. This dripped away from the sphere of action and was withdrawn for 
purification and analysis. 

It was suspected that the mixture resulting from the fiuorination consisted 
of some new compound or compounds, unattacked hexachlorobenzene, carbon 
tetrafluoride, fluorine and chlorine all in solution and carbon in suspension. 
This mixture was subjected to a fractional distillation, first however refluxing 
until there was no longer tests with starch iodide or blue litmus paper. The 
fractionation was not sharp but most of the material came over within two 
ranges 140®-! 50® and 230®-240®. 

The Action of Fluorine on 1 , 3 , 5 -Tiichlorobenzene 

When fluorine was passed over 1,3,5-trichlorobenzene in a manner similar 
to that used for hexachlorobenzene a sticky, oily liquid not dii»riinilii.r to that 
obtained above was formed and chlorine evolved. However to speed up the 
reaction a concentrated solution of 50 grams of 1,3,5-triohlorobenzene in 
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carbon tetrachloride was made up and fluorine bubbled through this slowly at 
first and then rapidly for about 53 hours. 

The mixture was subjected to a fractional distillation under reduced 
pressure, first however refluxing to get rid of the dissolved gases. At 2.5 
cm. Hg. and 75° a pale yellow liquid came over; this had a boiling point of 
about ISO® under atmospheric pressure but was not stable. 

The Action of Fluorine on 1 , 2,4 Tiichlorobenzene 

Attempts to introduce fluorine into 1,2,4 or un^mametrical trichloro- 
benzene failed, although the reaction was not studied under all conditions. 
Under ordinary conditions when fluorine was bubbled through the liquid, 
small explosions occurred as in the case of benzene and toluene and an odor 
was noticed similar to that formed when these two substances were treated 
with fluorine. 

Method of Anal]rsis 

Because of lack of information in the literature concerning the properties, 
derivatives, etc., of the compounds suspected of being present, it was decided 
to run ultimate analyses for chlorine and fluorine. Of the several methods in 
use for halogens in organic compounds, that of Piccard and BuffaU for fluorine 
and that of Drogin and Rosanoff^ for chlorine were judged to be the best. The 
first method calls for a potassium fusion at an elevated temperature to get the 
fluorine as potassium fluoride. The second method, excellent for chlorine, 
bromine, and iodine, consists in treating the material in alcoholic solution 
with sodium. 

It was decided not to risk the loss of the small amount of material available 
for analysis by attempting the bomb reaction necessary in the Piccard and 
Buffat method for fluorine but rather to analyse for chlorine and fluorine 
simultaneously by a modification of the Drogin and Rosanoff method. Their 
scheme is followed exactly except that 40 W grams of potassium instead of 
21.5 W grams of sodium and 135 W grams instead of 160 W grams of alcohol 
is used. W representing the weight of sample. An outline of the procedure 
is as follows:— 

0.2 to 0.3 grams of unknown is dissolved in 135 W grams of alcohol (dried 
over sodium) and treated with 40 W grams of potassium. The reaction takes 
place in a Kjeldahl flask fitted with a reflux condenser. The potassium is 
added slowly thru the condenser and the flask gently heated to help dissolve 
any metal remaining. After cooling, the reaction mixture is diluted with 200 
CO. of water and adjusted to neutrality. The separation of chlorine and 
fluorine is made on the basis of the solubilities of their calcium salts in slightly 
alkaline solution.* Chlorine is determined by precipitating it as AgCl with 

‘ Helv. ohim. acta, 6, 1047 (1923) • 

* J. Am. Chem. Soo., 38 , 711 (1916). 

’Treadwell-Hall; ''Quantitative analysis,” II, 406 (1928). 
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a known amount of N/is AgNO* and then titrating the excess AgNOs with 
N/is NH4CNS. Fluorine is determined gravimetrically as CaF*.* 

This method when tried with fluorobenzene gave results which were low. 
However it was thought to be satisfactory for the complex type of compound 
analyzed in this problem in view of the fact that complex compounds break 
up easily. 

Results of Analyses 

The results obtained from the analyses of the compounds produced by 
fluorination of hexachlorobenzene and 1,3,5-trichlorobenzene are as follows;— 

A. From hexachlorobenzene 

I. Fraction boiling at 230°-240® 

%C 1 %F 

1. 53.7 I. 16.4 

2. 53.7 2. 14.7 

II. Fraction boiling at 140°-! 50® 

%C 1 %F 

1 . 46.4 I. 20.9 

2. 45 3 2. 20.6 

B. From 1,3,5-trichlorobenzene 

I. Fraction boiling at 75° (2.5 cm. Hg) 

% Cl % F 

I- 355 I- 28.5 

2.35.1 2. 28.7 

The theoretical proportions of chlorine and fluorine in the compounds that 
fit the closest to these are as follows:— 



%C 1 

%F 

CeCUFj 

563 

iS-i 

CeClaF, 

45-2 

24.2 

CeHFaCU 

35-3 

28.3 


It has therefore been concluded that these new compounds have been 
isolated. Unfortunately there was not enough material for further investiga¬ 
tion and identification but recently Kraay^ and De Crauw® have prepared 
thru the diazo reaction 3,4-dichlorofluorobenzene b.p. 171®; 2,5-dichloro- 
fluorobenzene b.p. 168® and 2,4,5-trichlorofluorobenzene m.p. 62®, and these 
compounds have properties similar to those of the compounds prepared above. 

‘ Treadwell-Hall; ‘^Qualitative analysis/* II, 406 (1928). 

* Rec. Trav. chim., 48 , 1055 {1929). 

* Rec. Trav. chim., 48 , 1061 (1929). 
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In the reaction between fluorine and hexachlorobenzene, the fluorine has 
of course displaced the chlorine, because there is no question of the formation 
of a stable chlorine fluoride. In the reaction between fluorine and symmetrical 
trichlorobenzene, one chlorine and two hydrogens are substituted by fluorine. 
From the fact that the hydrogens and chlorines behave much alike, it seems 
probable that we are dealing with a direct replacement in both cases. 

Activation by Charcoal 

Regardless of how we account for it, we know that sunlight activates 
chlorine and that this activated chlorine reacts with toluene to form benzyl 
chloride, benzyldichloride, and benzyltrichloride, all the substitutions occur¬ 
ring in the side chain. This is a commercial process and precautions must be 
taken to prevent the presence of iron. We know also that phosgene can be 
made from carbon monoxide and chlorine either under the influence of light 
or in the presence of charcoal. We know from the work of Jones^ that charcoal 
does not activate carbon monoxide at all and that consequently the charcoal 
activates the chlorine. In the reactions between hydrogen and chlorine, it is 
the chlorine and not the hydrogen which is activated. The validity of this 
conclusion is supported by the fact that sunlight has no appreciable effect on 
the combination of hydrogen and oxygen to form either^ water or hydrogen 
peroxide while it is known that monatonic hydrogen reacts with oxygen® 
to form hydrogen peroxide. 

It was therefore expected that the chlorination of toluene in the presence 
of activated charcoal would give substitution in the side chain—nothing of 
the sort happened. When chlorine was passed into benzene and into toluene 
in the presence of activated charcoal (^‘Nuchar^^ No. 000 from the Industrial 
Sales Corporation) ring-substituted products were formed exclusively. The 
obvious explanation is presence of iron; but that seems not to be the right 
answer. In order to be sure that these results were not due to small traces of 
iron, the charcoal was heated almost to the melting-point of combustion 
tubing, and chlorine was passed through it for about four hours to drive off 
the iron as ferric chloride. 

While it might not be possible to make charcoal behave like sunlight, we 
ought to be able to make sunlight behave like charcoal. Apparently the only 
way to account for the results, if we consider that iron has been ruled out, is 
to postulate that the charcoal activates the toluene, loosening one of the ring 
hydrogens more than the side-chain hydrogens. If this is the explanation, 
light which is absorbed by toluene should cause substitution in the ring to 
some extent. Curtis^ has reported that ring substitution takes place in benzene 
and toluene if the reaction is carried out in a quartz flask placed a few centi¬ 
meters from an iron arc; light from a carbon arc gives negative results. This 

» J. Phys. Chem., 33 , 1415 (1929). 

* Mellor: ‘^Modern Inorganic Chemistry,” 102 (1922). 

*Traube: Ber., 15 , 2434 (1882). 

* J. Franklin Inst., 184 , 875 (1917), 
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seems to prove that light of very short wave-length, such as is found in the 
spectrum of the iron arc activates the benzene and toluene, causing ring 
substitution. The results of Curtis have been confirmed, using the following 
procedure;— 

Chlorination of Benzene 

About 300 cc. of thiophene-free dry benzene was placed in a quartz flask 
fitted with a reflux condenser. The flask was then placed a few centimeters 
from an arc formed between two iron rods carrying 1 5 amperes. After about 
three hours, or until the delivery tube clogged, the reaction was stopped and 
the flask allowed to cool. The benzene hexachloride was filtered off and the 
filtrate distilled to get rid of the excess benzene. 

The ring-substituted products were detected by their unmistakable odor 
and by the fact that hexachlorobenzene was formed in the vapor and caught 
in the condenser tube. This was recognized by its melting point. 

Chlorination of Toluene 

Dry redistilled toluene was treated in a manner similar to that used for 
benzene. The chlorotoluenes were partially separated from the excess toluene 
and benzyl chloride by fractional distillation under reduced pressure. 

After converting the mixture to the corresponding acids by oxidation with 
KMn04 and separating the acids by fractional crystallization from ligroin' 
the presence of chlorotoluenes was confirmed by the melting point of the 
product. 

It was not to be expected that ultra-violet light would give only ring sub¬ 
stitution, as the charcoal does, because chlorine absorbs also in the ultra¬ 
violet, and is consequently activated also. In the visible spectrum the chlorine 
is activated and the benzene and toluene are not. Consequently we get zero 
substitution of the ring hydrogen in the visible spectrum and partial substitu¬ 
tion in the ultra-violet. 

These results with ultra-violet light do not prove that our chlorine-treated 
charcoal was free from iron. The assumption was a good working hypothesis 
because it permitted us first to predict and then to confirm the experiments 
of Curtis which seem to have been ignored by oi^anic chemists because they 
did not fit in. 

The general conclusions of this paper are as follows:— 

1. Chlorine set free at the anode reacts primarily with the ring hydrogen. 

2. The activation of chlorine by ferric chloride must give an essentially 
negative chlorine and this chlorine reacts primarily with the ring hydrogen. 

3. Fluorine reacts with benzene hexachloride replacing chlorine. This 
must involve a displacement of chlorine. 

4. The compounds CsCUFj and CeCUFs have been prepared by the 
fluorination of hexachlorobenzene. 


> Bomwater and Holleman: Rcc. Trav. chim., 32 , 231 (1913). 
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5. The compound C6HFsCls has been prepared by the action of fluorine 
on S3munetrical trichlorobenzene. There is no reason as yet to postulate any 
difference between the substitution of chlorine and the substitution of hydro¬ 
gen in this compound. On the other hand there seems to be no proof that there 
is no difference. 

6. Ferric chloride is not a catalyst converting benzene hexachloride into 
trichlorobenzene and hydrochloric acid. Consequently, the chlorination of 
benzene in presence of ferric chloride does not involve a preliminary addition 
of two chlorines. 

7. Since the conversion of the addition product, benzene hexachloride, 
into trichlorobenzene undoubtedly involves the reaction of half the added 
chlorine with the ring hydrogen, it is probable that the chlorination in presence 
of ferric chloride does not involve this reaction. 

8. Activated charcoal, which has been treated red-hot with chlorine to 
remove iron, causes ring substitution with chlorine and toluene. This is 
probably due to activation of toluene. 

9. Ultra-violet light activates toluene and benzene and causes some ring 
substitution. It of course activates the chlorine and causes side-chain sub¬ 
stitution thereby. 

10. When attached to an amino group, a phenyl group is known to be 
more negative than a methyl group. This is an argument in favor of con¬ 
sidering the ring hydrogens as more negative than the side-chain hydrogens. 
The matter cannot be said to be proved definitely. 
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MIGRATION STUDIES WITH FERRIC OXIDE SOLS 
II. Negative Sols 

BV FRED HAZEL AND GILBERT H. AYRES 

Introduction 

The stability of suspensoid sols that have a positive charge is decreased 
to a marked extent when small amounts of a highly valent negative ion are 
added to the sol. Positive ferric oxide sols are coagulated by low concentra¬ 
tions of ferrocyanide ions. The strongly adsorbable nature of this ion to¬ 
gether with its high valence bring about the recharging of a positive sol to 
the negative form when a higher concentration of the ion is present.* 

Migration experiments with potassium ferrocyanide reported in the first 
paper of this series** illustrate in a striking manner the powerful action of the 
ferrocyanide ion. Rektively low concentrations of the electrolyte (for in¬ 
stance o.oi millimols per liter of sol-electrolyte mixture) gave very stable 
negative sols. It can be assumed that all of the added electrolyte is adsorbed 
from these dilute solutions and that we are dealing with negative colloids 
stabilized by preferential adsorption of ferrocyanide ions. Having previously 
investigated the effect of added anions of different valence on the migration 
velocity of positive ferric oxide sols, it was thought interesting to study the 
migration of negative sols on addition of positive ions. 

Experimental 

A stock sample of sol was prepared by hydrolysis of ferric chloride. It 
was dialyzed for five days at a temperature of about 90® and then diluted 
with distilled water to 0.012 g. of iron per liter. Two sols, designated as A 
and B in the subsequent discussion, were obtained from the stock sample 
by adding equal volumes of potassium ferrocyanide solutions. The latter 
were of such concentration that sol A contained 0.025 millimols of the elec¬ 
trolyte per liter, while sol B contained 0.25 millimols per liter. 

The data in the following tables show the effect of KCl, BaCL, AICI3 and 
Th(NOs)4 on the migration velocity (determined by the method described 
in the first article of this series) of negative ferric oxide sols. 

Results 

The strong tendency of ferrocyanide ions to recharge positive ferric 
oxide sols is shown in Table I. Data are given for four sols that have different 
hydrogen ion concentrations. Velocities of migration are expressed in 
/i/sec./v./cm. Concentrations of potassium ferrocyanide are given in milli¬ 
mols per liter of reaction mixture. 

^ von Kohei Hakozaki: Kolloid-Z., 39 , 319 (1926). 

* Hazel and Ayres: J. Phys. Chem., 35 , 2930 (1931). 
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Fig. I 


Table I 



Millimols 


Velocity, fi/aec./v./cm. 



K4Fe(CN)5 

Series 1 

Series IT 

Series III 

Series IV 

801N0. 

per liter 

pH - 4.0 

pH = 5-2 

pH = 6.4 

pH - 7-3 

I 

0.0 

+ 4.6 

+ 3-7 

+ 3-4 

+ 2.5 

2 

0.00025 

+4.3 

+ 2.7 

— 

+ I.S* 

3 

0.0005 

+3.8 

+ 2.3 

+ 0 . 5 * 

— 

4 

0.0010 

+ 2-5 

+ 1 - 5 * 

- 0 . 3 * 

iO.O* 

5 

0.0015 

+1.9* 

+0.6* 

— 

— 

6 

0.002 

+ 1.6* 

-0.9* 

— 1.4* 

-2.8 

7 

0.003 

+0.3* 

— 2.1 

-2.4 

— 

8 

0.005 

- 1 . 7 * 

-30 

-35 

-4 3 

9 

O.OI 

-3.0 

- 3-7 

-4.6 

-4.8 

10 

0.02 

- 3-4 

-4.1 • 

-SO 

— 


* In this and following tables (*) indicates samples which showed precipitation by mani¬ 
festation of distinct turbidity after two hours. 


Fig. I shows these data graphically. The fact that the curves for the more 
acid sols are always above those for the less acid sols means that while the 
hydrogen ion stabilizes positive sols, it decreases the stability of negative sols. 
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The data in Table II are for sols A and B with potassium chloride. Both 
sols had a pH of approximately 5. Sol A recharged with 0.025 millimols of 
K4Fe(CN)6 per liter had a negative velocity of 3.9 ^/sec./v./cm. when no 
additional electrolyte was present. Sol B recharged with 0.25 millimols of 
K4Fe(CN)6 per liter had a negative velocity of 4.8 jn/sec./v./cm. under the 
same conditions. 



Table II 



Millimols 

Velocity, ji/sec./v./cm. 

Sol No. 

KCl per 




Uter 

Sol A 

Sol B 

I 

0 

■~ 3-9 

- 4.8 

2 

2 

-“ 3-6 

-4.2 

3 

4 

■“35 

-3.8 

4 

8 

- 3-4 

-3.6 

5 

16 

- 3*3 

-3.4 

6 

32 

“ 3-2 

- 3-3 
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These results were as expected. The presence of more ferrocyanide ions 
in the latter instance gave a greater density of charge per unit area of sur¬ 
face and this was accompanied by an enhanced migration of the particles 
in the electric field. 

Fig. 3 shows a plot of the above data. 

The results obtained with BaClg are given in Table III and plotted in Fig. 
3. It is to be noted that the discharging effect of the bivalent barium ions is 
greater than that for potassium ions. 



Table III 


Sol No. 

Millimols 

Velocity, /u/sec./v./cm. 

BaCls per 
liter 

Sol A 

SolB 

I 

0 

- 3-9 

“ 4.8 

2 

0.01 

- 3-7 

“ 4.6 

3 

0.02 

- 3-2 

“ 4.2 

4 

0.04 

-2.7 

-3.6 

5 

0.08 

-2.4 

-3.0 

6 

0.12 

— 

-2.8 

7 

0.16 

— 2.0 

“ 2.4 

8 

0.5 

-1.7* 

— 2.2 

9 

I.O 

-i.S* 

— 2.1’ 


Data for aluminiun chloride are given in Table IV. Fig. 4 shows the 
results graphically. This electrolyte in the higher concentrations recharged 
sol A to the positive form. 
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Settiti A 

Fig. 6 



SeMiaS 
Fig. 7 
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Table IV 


Sol. No. 

Millimols 

Velocity, /i/sec./v./cm. 

AlClg per 
liter 

Sol A 

SolB 

I 

0 

- 3-9 

-4.8 

2 

0.005 

- 3-2 

~ 3 S 

3 

O.OI 

-2.4 

-30 

4 

0.02 

-0.7* 

- 2.5 

5 

0.04 

±0.0* 

— 2.2 

6 

0.08 

+0.8* 

-1.8 

7 

0.16 

+ I.S* 

— 1.6 


The behavior of thorium nitrate is shown by the results incorporated in 
Table V and plotted in Fig. 5. The tetravalent thorium ion in sufficiently 
high concentrations is capable of recharging both sols positively. The curve 
for sol B in Fig. 5 does not show the recharging phenomenon; however, if the 
plot were extended to include electrolyte concentrations up to 0.3 millimols 
per liter this would be made clear. The actual course of the curve is given in 
Fig. 7 which also includes a graph of the AlCU, BaCl* and KCl data. Simi¬ 
lar curves for sol A are shown in Fig. 6. 


Table V 



Millomols 

Velocity, M/sec./v./cm. 

Sol No. 

Th(N 08)4 
per liter 

Sol A 

SolB 

I 

0. 

- 3-9 

-4.8 

2 

0.0005 

- 3-7 

-41 

3 

0.001 

- 3-5 

-4.0 

4 

0.002 

- 3-4 

- 3-9 

5 

0.004 

- 3-2 

- 3-6 

6 

0.008 

-2.8 

-3.2 

7 

0.016 

-1.6* 

- 3-2 

8 

0.032 

- 0 - 5 * 

-31 

9 

0.05 

-I-1.6* 

-30** 

10 

0 

M 

0 

+ 2 - 4 * 

-2.6** 

II 

0.20 

— 

-0.8** 

12 

0.30 

— 

-t-i.i** 

13 

0.40 

— 

+2.7** 


** These samples showed a peculiar white turbidity not eharactoristic of the appearance 
of the sols in which coagulation had been induced by other electrolytes. 



3 IS 4 


FBED HAZEL AND GILBERT H. AYRES 



The logarithmic nature of the curves is shown in Fig. 8. Th (N03)4 does 
not give a straight line relationship when plotted in logarithmic form. 

Discussion 

It has been observed in the migration experiments with negative ferric 
oxide reported here and in the mobility studies with positive ferric oxide sols 
reported previously that the sols lose their stability when the particles 
migrate with a velocity in the range between approximately —2.0 and +20 
M/sec./v./cm. Therefore, it may be assumed that these values correspond 
to the critical potentials within which limits the particles have no real stabil¬ 
ity. Furthermore, since the critical velocities of positive and negative sols 
have equal values but opposite signs, we may assume roughly that at any 
velocities which are equal, and greater than the critical value, the sols have 
the same degree of stability. 

In Fig. I, curve I is for a sol pH 4.0 and curve II' is for a sol of pH 5.2. 
An inspection of the two curves shows that when the concentration of potas¬ 
sium ferrocyanide is o 003 millimols per liter in the sol of pH 5.2 the stability 
of the sol is equal to that of sol pH 4. o when the latter contains o. 006 mill¬ 
imols or twice as much of the electrolyte per liter. Both sols under these 
conditions have a stability represented by a negative mobility of 2. i /t/sec./- 
v./cm. Of course the stability of the sols at this velocity is not very great 
because of the close proximity to the critical value. However, we wish to 
choose the above conditions in order to make a comparison with potassium 
ferrocyanide flocculation data for sols of different acidities. 

In Table VI the following symbols are used for degree of flocculation. In 
all cases three cc. of electrolyte were added to two cc. of sol. 

— indicates no turbidity after 72 hours. 

+ precipitation or evidence of turbidity after 72 hours. 

-f- -f indicates complete precipitation in 2 hours. 
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It is evident that the sol of pH 5.4 is stable when the concentration of 
potassium ferrocyanide lies between 0.032 and 4.0 millimols per liter. Cata- 
phoretic determinations made in a U-tube by observing a moving boundary 
show these sols to be negatively charged. In this case 0.032 millimols of the 
electrolyte per liter is the minimum concentration that will give a stable 
negative sol. On the other hand, a sol of pH 3.9 requires a minimum con¬ 
centration of o. 06 millimols per liter to give a stable negative colloid. This 
concentration is approximately twice as great as for the sol of pH 5.4, which 
fact is in excellent agreement with the results obtained from migration experi¬ 
ments on sols of comparable pH values. The same agreement holds when we 
approach the region of coagulation from the positive side. Interpolation 
from the curves indicates that approximately twice as great a concentration 


Table VI 


(Concentration of sols: 0.6 g. Fe per liter) 


m. mols 
K 4 Fe(CN )6 

sol 

sol 

Flocculations* 

sol 

sol 

sol 

per liter 

pH 5-9 

pH 54 

pH 4.6 

pH 3-9 

pH 3-4 

0.006 

— 

— 

— 

— 

— 

0.008 

+ 

— 

— 

- 

— 

0.010 

+ 

— 

— 

— 

— 

0.012 

+ + 

+ 

— 

— 

— 

0.014 

+ + 

+ 

— 

— 

— 

0.0x6 

+ 

+ + 

— 

— 

— 

0.020 

+ 

+ + 

+ 

— 

— 

0.024 

+ 

+ + 

+ + 

+ 

+ 

0.028 

+ 

+ 

+ + 

+ + 

+ + 

0.032 

— 

— 

+ + 

+ + 

+ + 

0.036 

— 

— 

+ 

+ + 

+ + 

0.040 

— 

— 

+ 

+ + 

+ + 

0.044 

— 

— 

— 

+ 

+ + 

0 048 

— 

— 

— 

+ 

+ + 

0.05 

— 

— 

— 

+ 

+ 

0.06 

— 

— 

— 

— 

+ 

0.07 

— 

— 

— 

— 

+ 

0.08 

— 


— 

— 

+ 

0.09 

— 

— 

— 

— 

+ 

0.10 

— 

— 

— 

— 

+ 

0. II 

— 

— 

' — 

— 

+ 

0.12 

— 

— 

— 

— 

— 

4.0 

— 

— 

— 

— 

— 

20.0 

+ 

+ 

+ 

+ 

+ 

40.0 

+ + 

+ + 

+ 

+ 

+ 


* The potassium ferrocyanide solutions were made up in boiled distilled water and stored 
in blackened flasks. The salt was of reagent purity quality. 
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of the salt is required to reduce the velocity of sol pH 4. o to the critical value 
as to decrease the stability of sol pH 5.2 to the same extent. The floccula¬ 
tion data show that 0.012 millimols per liter start the precipitation for the sol 
of pH 5.4 and o. 024 millimols for the sol with a pH value of 3.9. The curves 
and flocculation data both show that there is a greater concentration range 
of potassium ferrocyanide which produces instability with the more acid sols 
than with those of weaker acidity. 

Fig. I also illustrates the futility of attempting to define an isoelectric 
point for colloidal iron oxide from a standpoint of pH. We have shown four 
different pH values all of which satisfy the criterion of zero mobility. A 
moment’s thought will make clear that there might be an infinite number of 
pH values at which there could be an isoelectric condition. Therefore, it may 
be concluded that although hydrogen and hydroxyl ions play an important 
role as far as the stability of ferric oxide sols is concerned, they do not 
uniquely determine the stability. In the study of suspensoid sols the chief 
interest in these ions lies in their low valence yet strong adsorbability. 

The curves in Figs. 2, 3, 4, 5, 6, 7, and 8 are graphical representations of 
data obtained on two sols which had been charged negatively by the addition 
of potassium ferrocyanide. Sol A containing 0.02 5 millimols of the salt per 
liter had a velocity of —3.9 ^/sec./v./cm. The concentration of electrolyte 
in sol B was 0.25 millimols per liter and the mobility had a value of —4.8 
/i/sec./v./cm. The results of the addition of potassium chloride to the two 
sols are shown in Fig, 2. Because of its weak adsorbability fairly high con¬ 
centrations of the monovalent potassium ion are required to decrease the 
mobility of the particles. At the lower concentrations the rate of diminution 
of velocity is much more marked (indicated by the slopes of the curves near 
the ordinate) for the sol with the greater negative charge. The same phen¬ 
omenon is encountered when small concentrations of aluminum and thorium 
ions are added to the sols. With the barium ion the action is less pronounced 
but still real. This general behavior warrants some comment. 

In order for a colloidal particle to migrate with a velocity u in an electric 
field, the frictional force, 17 u/d, must be overcome by the electric force Hq. 
When these two forces are equal we may write 


17 u/d = Hq 


(i) 


where 17 
u 
d 
H 

q 


the viscosity 
the velocity 

the thickness of the double layer 

the potential gradient 

the density of charge per unit surface. 


Equation (i) may be written 

77u/Hd = q 

For a unit potential gradient and taking 77 as a constant in these dilute 
qrstems, we have 


uk = qd 


(2) 
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Equation (2) states that the migration velocity is directly proportional to the 
product of density of charge and thickness of the double layer. 

Let us now consider the behavior of the potassium ion with two sols of 
different charge density. If we are permitted the simplifying assumption 
that q is effectively constant® for each sol on the addition of potassium ions, 
it follows that a decrease in velocity of the particles is a result of decreasing 
the thickness of the double layer. Sol A had a charge per unit surface which 
was smaller than that for sol B. On addition of four millimols of KCl to the 
former sol the thickness of the double layer is decreased because of electro¬ 
static attraction between the ions of the inner and outer part of the layer. 
This is accompanied by a falling off of velocity. With sol B addition of the 
same concentration of potassium chloride results in a much greater decrease 
in d, attended by a larger decrease in velocity of the particles, because of 
stronger attraction between the ions in the two shells. 

The curves of P"ig. 2 show that after the addition of eight millimols of KCI 
per liter the velocity becomes practically constant. This may be interpreted 
to mean that further addition of the salt produces little change in d. The 
fact that the velocity curve for sol B always lies under the curve for sol A is 
reasonable. As has been pointed out, the velocity is proportional to the pro¬ 
duct of two factors, q and d. The thickness of the double layer is probably 
smaller at all concentrations of KCl in case of B, but the charge per unit 
surface is greater for this sol than for sol A. The product of q and d always 
has a greater value in the case of the sol with the larger charge density. 

The same reasoning may be applied to the curves in Fig. 3, 4, and 5. An 
additional feature of interest that is brought out from inspection of the figures 
is the tendency for the curves for the monovalent ion to converge, those for 
the bivalent ion to remain practically parallel, while the curves for tri-and 
tetravalent ions diverge. 

The course of the thorium nitrate curve with sol B shows an inflection at 
velocities around —3. Although the reason for this anomaly was not ascer¬ 
tained, it may be in some way connected with the fact that all of the sols 
having a mobility between —3.0 and +2.7 had a peculiar milky turbidity 
which was manifest immediately upon preparing the samples. Since the tur¬ 
bidity was not at all characteristic of the appearance of the sols in which 
coagulation had been induced by other electrolytes and since it wiis first en¬ 
countered at velocities which were greater than the critical velocities, it might 
have been due to a chemical reaction between thorium ions and ferrocyanide 
ions which were present in excess. Thorium ferrocyanide is less soluble than 
aluminum ferrocyanide and barium ferrocyanide; the “regular” course of the 
curves is therefore obtained with the aluminum and barium salts. It may be 
pointed out that Powis^ encountered a similar phenomenon, which did not 
readily lend itself to explanation, when arsenious sulfide sols were coagulated 
with thorium nitrate. 

® See however, Bull and Gortner: J. Phys. Chem., 3 S, 309 (1931)* 

* Powis: J. Chem. Soc., 109 , 734 (1916). 
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Our data with KCl show for both positive sols^ and negative sols that the 
critical velocities {± 2.0 /i/sec./v./cm.) which were found with polyvalent 
ions were not reached. The course of the curves for monovalent ions indicates 
that extremely high concentrations would be required to reach the critical 
value. It is difficult to reconcile this behavior with the fact that moderate 
concentrations of KCl cause the coagulation of concentrated sols. However, 
it is to be expected that addition of a given increment of electrolyte would 
decrease the potential of the double layer to a less extent for a concentrated 
sol (there being more particles present to compete for the same number of 
ions) than for a dilute sol. Apparently with monovalent ions it is not neces¬ 
sary to reduce the potential as much to cause coagulation in concentrated 
systems as in dilute ones. 

These results are in agreement with experiments by Powis^ in which he 
determined the critical potentials of arsenious sulfide sols with potassium 
chloride, barium chloride, aluminum chloride and thorium nitrate. Powis 
gives the following ciritcal potentials for these electrolytes: 


Electrolyte 

Potassium chloride 
Barium chloride 
Aluminum chloride 

Thorium nitrate 


P.D. in volts 

0.044 

0.026 

0.025 

! 0.027 
0.026 
0.024 


We quote from Powis^ paper relative to the high critical potential of potas¬ 
sium chloride: “The results agree with the idea of a critical P. D. (the sols 
coagulated when the particles had the above potentials) as determining the 
stability or instability of a colloidal system in so far as barium chloride, 
aluminum chloride and thorium nitrate are concerned, but the behavior with 
potassium chloride suggests that electrolytes also exert a kind of salting out 
effect, so that when an electrolyte is used which has only a weak influence on 
the P. D., and therefore a relatively high concentration is required for coagula¬ 
tion, this coagulation occurs when the P. D. has a value so high that without 
this superimposed salting out effect the mixture would be quite stable. Since 
such an effect was not observed in the author^s [Powis^] experiments with an 
oil emulsion where the number of suspended particles per unit volume was 
very small compared with the number in the colloidal arsenious sulfide, . . . 
it is perhaps only important when the concentration of suspended particles is 
very large.'^ 

The above argument suggests that if dilute arsenious sulfide sols had been 
used in the migration experiments, the critical potential with KCl might 
have agreed with the value common to ions of higher valence. Our data do 
not prove this argument but they do show that the critical potential with KCl 
for dilute sols is less than 0.035 volts and hence approaches the common value 
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of 0.030 volts found for ions of higher valence. Pdwis does not venture an 
opinion regarding the reason for the value found with KCl being much higher 
than the values for the other three electrolytes which agreed closely with each 
other. 

It is interesting to note in our experiments with ions having a valence 
greater than one that the critical velocities were approximately the same and 
correspond to a potential of roughly 30 millivolts. These experiments were 
with dilute sols. However, Powis^ has found a value of 30 millivolts for a 
concentrated ferric oxide sol with sodium sulfate. It would seem from this 
that the concentration of the sol has little influence on the critical potential 
when polyvalent ions are employed. 

Summary 

1. The conversion of positive ferric oxide sols to negative sols by means 
of potassium ferrocyanide is shown in relation to the hydrogen ion concentra¬ 
tions of the systems. 

2. The “isoelectric point” of this sol has been shown not to be uniquely 
determined by the hydrogen ion concentration of the system. 

3. The effect of cations on the migration velocity of negative sols is 
illustrated. 


Laboratory of General Chemistry^ 
University of Wisconsin^ 
Madison, Wisconsin, 



PARTIAL PRESSURE ISOTHERMS. I* 


BY WILDER D. BANCROFT 

It has been shown in recent papers* from this Laboratory that the changes 
of the partial pressures with changing concentration for two consolute liquids 
at constant temperature can be represented with an unexpected, degree of 
accuracy by what the chemists call an exponential equation; and that the 
Raoult Law is a special case of this equation. Quite apart from any question 
as to the accuracy of the suggested equation, there is the difficulty that all the 
disturbing factors are lumped together. If these disturbing factors are to be 
unscrambled and assigned their relative values, it seems certain that a different 
method of attack must be adopted. 

It will perhaps be easier to work from, rather t han to, the Raoult Law. An 
ideal solution is defined as one in which two consolute liquids mix without 
volume changes or heat effects. For such pairs of liquids the Raoult equations 
hold over the whole range of concentrations, 

Ni ^ P2-P^ Ng ^ Pi-p\ 

Ni+Ng P2 Ni+Ng Pi 

where the molecular weights are those in the vapor phase, pi and pg are the 
vapor pressures of the pure liquids and p/ and pg' are the corresponding 
partial pressures in the solutions. A corollary from these facts is that the 
molecular weights of the pure liquids are the same as those in the vapor phase. 

If we drop the limitation that there are no disturbing factors, we shall have 
the van^t Hoff formula holding for the upper end of the curve and Henry\s 
law describing the lower end of the curve. For dilute solutions at the upper 
end of the curve, in which we compare the concentration of one component 
with the lowering of the partial pressure of the other component, we know 
that the form of the curve depends only on the molecular weight of the solute 
in the liquid phase and of the solvent in the vapor. The chemical natures of 
solute and solvent and solute are quite unimportant. 

For dilute solutions at the lower end of the curve in which we compare the 
concentration of what we in the preceding paragraph have been calling the 
solvent with its own vapor pressure, the partial pressures depend on the 
chemical natures of both substances and on the molecular weight of what 
we are calling the solvent in the liquid phase. The general diagram^ for two 
consolute liquids with no limitations is shown in Fig. i. The upper right-hand 
part of the curve is the portions for which the Kaoult formula holds, as is 

• This work was done under the programme now being carried out at Cornell University 
and supported in part by a grant from the Heckscher Foundation for the Advancement of 
Researen established by August Heckscher at Cornell University. 

1 Bancroft and Davis: J. Phys. Chem., 33 , 361; Dornte: 1332 (1929). 

2 Wilhelm Ostwald: “Lehrbuch der allgemeinen Chemie,'’ 2 II, 617 (1902). 
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also section (a). The two portions (b) and (c) represent the cases in which 
the variations from the Raoult equation are positive and negative respectively. 
If there are no other disturbing factors beyond the polymerization and dis¬ 
sociation of the solute, curve (b) corresponds to dissociation and curve (c) 
to polymerization. 

If two liquid layers are formed, we shall have (Fig. i) a curve of the general 
type of (d), which has nothing necessarily to do with polymerization. Benzene 
and water are a rather extreme case of this type and nobody supposes that 
benzene becomes more pol3mierized when a layer of water is put beneath it. 
Salicylic acid and water do not form two stable liquid layers; but an instable 
system with two liquid layers can be realized experimentally. Consequently, 



Fia. I 
(Ostwald) 

we draw the conclusion that we may get a curve lying above the normal in 
case there is a tendency for a second liquid phase to occur and that this will 
be in addition to and independent of any polymerization which may occur. 

If we are dealing with solutions of two consolute liquids in which the only 
disturbing factors are polymerization and dissociation we may write the 
Raoult equations as:— 

_ EiZPJand—= P’~P^ 

N',-|-N, p, N,+N's p, 

where Ni and N2 refer to the molecular weights in the vapor, and N/ and N2' 
to the molecular weights in the solution. We can then calculate the molecular 
weights to be used in these equations in order to make the curves straight 
lines. This has been suggested several times and has always proved unsuccessful. 

Linebarger* was one of the first to make calculations of this sort; but 
Lehfeldt* criticizes the results and consequently the method. “In this way 
Linebarger found molecular weights [for acetic acid] which increased steadily 


‘ J. Am. Chem. Soc., 17 , 665, 690 (1895). 
• Phil. Mag., (5) 46 , 59 (1898). 
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with the concentration of the acid, and by extrapolation found 240 for the 
molecular weight [(CH3C02H)4] of the pure liquid at 35®. My results for 
alcohol do not, however, at all confirm the accuracy of the method. On 
drawing smooth curves of partial pressure from the observations given in the 
tables above and treating them in the way just indicated, we get 

Table I 


Aggregation of the Alcohol 


Molecules 


Molecules in 

of Alcohol 

Benzene 

Toluene 

10 

6.0 

2.0 

30 

5-7 

2.6 

50 

5.3 

4.2 

70 

5-0 

5.7 

90 

4.9 

6.0 


“It will be seen that the two series disagree altogether, and that neither 
leads to any reasonable value for the aggregation of pure alcohol. I can only 
conclude that the partial pressure of the hydrocarbon vapour is not necessarily 
linear in mixtures, and that therefore the rule proposed by Linebarger for 
determining the molecular weights of liquids is not correct. 

Ostwald‘ questions whether one partial-pressure curye can be a straight 
line if the other is not. The same objection has been expressed by Hildebrand^ 
who says: “If Raoult’s law holds throughout the whole range of composition 
for one component of a binary mixture, it holds for the other.” This is prob¬ 
ably true for all practical purposes; but it will be shown later that it is not theo¬ 
retically necessary. 

Hildebrand® has amplified upon Lehfeldt^s criticism, discussing Dolezalek 
instead of Linebarger. “In order to account for positive deviations from 
Raoult’s law, Dolezalek^ has assumed that one of the components is asso¬ 
ciated, containing a certain proportion of double molecules which arc disso¬ 
ciated into single molecules as this component is diluted with the other, each 
molecular species present,^ however, obeying Raoult^s law when the ‘true^ mol 
fraction rather than the apparent mol fraction is considered. . . . Dolezalek 
has carried out such calculations for the systems benzene-carbon tetrachloride 
and ether-methyl salicylate, assuming the second-named component of each 
pair to be partly associated. . Even large values of K [the dissociation con¬ 
stant] are insuflScient to account for the large deviations from Raoult’s law 
that are found with many solutions, such as acetone-carbon bisulphide® and 
carbon bisulphide-methylal. . . . Moller® has derived expressions for more 

‘ ‘‘Lehrbuch der allgemeinen Chemie,” 2 II, 632 (1902). 

* “Solubility,^' 46 (1924). 

» “Solubility," 78, 80, 82 (1924). 

*Z. physik. Chem., 64 , 727 (1908). 

® Von Zawidski: Z. physik. Chem., 35 , 129 (1900). 

® Z. physik. Chem., 69 , 449 (1909)* 
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complicated reactions assumed in order to reproduce certain curve-pairs. 
For example, the solution ethyl iodide-ethyl acetate is assumed to contain 
triple molecules of the former and double molecules of the latter, while both 
components of solutions of carbon tetrachloride-ethyl acetate are assumed to 
form double molecules. In none of the systems which he considers, however, 
are the deviations very large, and the followers of Dolezalek have thus far 
discreetly avoided such systems as acetone-carbon bisulphide.^' 

still greater difficulty with this type of explanation is presented by 
mixtures which form two liquid phases. Keyes and Hildebrand,^ who in¬ 
vestigated the system aniline-hexane, have pointed out that even the assump¬ 
tion of very complex molecules of aniline is insufficient to account for the 
extreme deviations here encountered. ... If the aniline is assumed to be 
completely associated to form molecules of (C6H6NH2)g, where q is an integer, 
then one single molecule forms i/q associated molecules and if r2 represents 
the corresponding number of hexane molecules, the 'true' mol fraction of 
hexane is r2/(r2+i/q), and the activity of the hexane is a2 = ri/(r2+i/q). . . . 

"It would be expected, of course, that any such complex molecules would 
dissoc ate as the percentage of hexane is increased, giving lower values for 
the vapor pressures of hexane at the upper end than the curves represent, so 
that the curves represent maximum values. It is obvious that no reasonable 
value of q comes anywhere near explaining the actual behavior of this or any 
similar system. If the cause of the behavior lies in the 'association' of the 
aniline, it is evident that a very different kind of association must be pictured, 
an association not into relatively simple complexes which are able to mix with 
the other component so as to obey Raoult's law, but rather an association of 
the whole mass of aniline molecules to form a liquid in which the internal 
pressure or attractive force between the aniline molecules is so great as to 
resist dispersion into the hexane. . . . 

"The advocates of the Dolezalek theory are often led to assume association 
in liquids which, according to all other criteria, are entirely normal or un¬ 
associated. Thus Schulze and Hock^ explain the positive deviation of the total 
vapor pressures of benzene-stannic chloride by assuming the formation of 
double molecules of the latter to the extent of eighty-one percent in the pure 
liquid at 100®. At ordinary temperatures this association would have to be¬ 
come still greater. This is in absolute conflict with a large amount of evidence, 
presented in Chapter VIII, that stannic chloride is a quite normal liquid. 

"The most striking example of the extent to which Dolezalek and his 
followers have been led by their enthusiasm for their 'chemical' explanation 
of all deviations from ideal behavior is found in a paper by Dolezalek* in 
which liquid solutions of nitrogen and argon are 'explained' by assuming 
polymerization of the argon to form double molecules!" 

One difficulty with these calculations and with the criticisms of them is 
that they are based on an assumption that is very rarely if ever true, that the 

1 J. Am. Chem. Soc., 39 , 2126 (1917). 

* Z. physik. Chem., 86, 445 (1918)* 

»Z. phyaik. Chem., 93 , 585 (1918). 
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only disturbing factor is polymerization or dissociation. The occurrence of 
heat effects, and of tendencies to form two liquid layers has been ignored com¬ 
pletely. We need not consider variations from the gas laws not accompanied 
by heat effects, because the validity of llaoult's law for ideal solutions shows 
that such disturbances have beeti eliminated. The question of solvates has 
been studied by many people, from Jones to Kendall; but never in connection 
with the other sources of error. 

It will be wisest to consider the effects of each disturbing factor by itself, 
eevn though there will probably be few actual cases as simple as that. We 
will begin with solvation. If one molecule of the solute combines with one or 
more molecules of the solvent, this will be equivalent to increasing the con¬ 
centration and will cause the variations from Raoult’s law to become nega¬ 
tive. Of course if several molecules of what we are calling the solvent com¬ 
bines with one of the other component, that is equivalent to decreasing the 
concentration along the other curve and to make the variations along it 
positive. We know that a compound, chloral hydrate, is formed, because 
chloral and water are not consolute liquids and mix only in presence of the 
compound. In the case of butyl chloral hydrate and water, two liquid layers 
are actually formed when the solution is heated. There are no data for this 
cavSe and it is not a simple one because the two components are not consolute 
liquids. Acetic anhydride and water go so nearly completely to acetic acid 
even at the boiling-point that they are not especially interesting. Aniline 
and acetic acid would be a case in point; but acetic acid is polymerized both 
in liquid and in vapor. 

Qualitatively the effects due to heats of dilution are easy to handle; but 
the quantitative treatment has not been solved satisfactorily except for 
special cases. Twenty-five years ago it was pointed out^ that the low apparent 
molecular weights in finite solutions of sodium in mercury and of sulphuric 
acid potassium hydroxide in water were due in part to heat being evolved when 
the solutions are diluted. Conversely alcohol in benzene shows abnormally 
high molecular weights and heat is absorbed when the solutions are diluted. 

Hildebrand’ supports this view, though not enthusiastically or accurately. 
“A positive deviation from HaoulCs law is generally accompanied by an absorp¬ 
tion of heat when the pure liquids are mixed, and a negative deviation is 
generally accompanied by an evolution of heat upon mixing the pure liquids. 
The heats absorbed in the solution of solids in these cases are respectively 
greater or less than the heats of fusion.^* 

Harrison and Perman^ have actually made use of the relation. ^Tn order 
to obtain an equation which included the heat of dilution, Trevor^ suggested 
a form of the Clibbs-Helmholtz Equation, 

PV . 

___ dl 

^ Bancroft: J. Phys. Chem., 10, 319 (1906). 

2 ^'Solubility,61 (1924). 

5 Trans. Faraday Soc,, 23 , 19 (1927). 

* J. Phys. Chera. 9 , 90 (1905). 
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Q being positive when heat is evolved on dilution. This equation can only 
be integrated when Q is zero or does not vary with temperature. Supposing 
Q equals a constant A, we have an integration, 

PV = RT+A, 

an expression which may be substituted in the van’t Hoff equation, 

PV = RT-log^, 
n TTi 

RT+A = RT-log-* 
n TTi 

* ^Bancroft' has shown that the taking into account of the heat of dilution, 
as is done in this equation, is sufficient to remove many anomalies from mole¬ 
cular weight determination, for which cumbrous and doubtful hypotheses 
had been devised. Thus sodium in mercury has an apparent molecular weight 
of 16, an impossible figure, raised to nearly 23 when account is taken of the 
heat of dilution ; a similar simplification was observed in the case of sulphuric 
acid. 

“The heat of dilutions of solutions of calcium and potassium chloride 
changes rapidly with temperature, as may be seen from the curves submitted. 
Nevertheless as merely an approximation, the above equation was applied 
to the case of a thirty percent calcium chloride solution at 4o®C. The value 
of the molecular weight was given as 54 compared with 20 when no account 
was taken of the heat of dilution; 54 as against 111 (the theoretical mol.wt.) is 
not unreasonable, because it can be explained by postulating ionisation of the 
calcium chloride to the extent of about 50 percent. A value of 20 would re¬ 
quire a special hypothesis such as ‘removal’ of the water from the solution due 
to hydrate formation. 

“The above equation was applied to urea; data for the vapour pressure 
and the heat of dilution are given by Perman and Lovett.^ In the case of a 
thirty percent solution, for which the heat of dilution is fairly constant with 
temperature, a true molecular weight of 59 is given instead of an apparent 
value of 67 (Theoret.6o) obtained by neglecting the heat of dilution. For a 
sixty percent solution, for which the heat of dilution showed a far greater 
change with temperature, the corrected value was 57.” 

If heat is evolved on adding B to a solution of A and B, heat must be 
absorbed on adding A to a solution of A and B. Consequently one component 
must show positive deviations from the Raoult law, and the other component 
negative deviations whenever the heats of dilution are the predominent dis¬ 
turbing factors. It will be shown later in this paper that this criterion does 
not hold for benzene and alcohol; and that consequently another, more im¬ 
portant, disturbing factor comes in. From the data with other available 
pairs of liquids, it is rather a question whether the heat effect is as important 


* J. Phyfl. Chem. 10, 319 (1906). 

* Trans. Faraday Soc., 22, i (1926). 
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a factor as I had hitherto assumed it to be. On the other hand the tendency 
to form or not to form two liquid layers is apparently much more of a disturb¬ 
ing factor than anybody had ever assumed it to be. 

We have already seen that a tendency to form two liquid layers means an 
abnormally high vapor pressure at the lower end of the curve. Mellor^ makes 
the assumption that the upper portion of the curve is abnormal, Fig. 2, when 
there are two liquid layers, which is quite possibly true but which has not 
been proved. Mellor^s diagram is a bit misleading because he is using it to 
represent partial pressures and total pressures as well. If the curves refer to 
partial pressures, the lower ends must come at zero. With a tendency to form 

two liquid layers both partial pressure 
curves will show positive variations, as 
though both stibstances were pol3rmerized. 
In this respect this case differs from the one 
in which the formation of a compound of 
the components in other than a one to one 
ratio is the important disturbing factor; and 
from the case—apparently realized with some 
liquid alloys—in which the heat of dilution 
is the important disturbing factor. For these 
two cases the variations will be positive for 
one partial pressure curve and negative for 
the other 

COM/^OS/T/OfV An increase in partial pressures with 

Yiq, 2 increasing tendency to form two liquid 

(Mellor) layers is probably what Hildebrand^ has 

in mind when he says: ‘The evidence 
presented at length in Chapter VIII, indicates that the fundamental distinc¬ 
tion between the normal and the associated liquids lies in the greater symmetry 
of the fields of force surrounding the molecules of the former, the field sur- 
roitnding the latter being unsymmetrical or polar. The result is that the polar 
molecules have an abnormally great attraction for each other, producing 
greater cohesions, internal pressures, surface tensions and heats of vaporiza¬ 
tion, and tending to squeeze out, as it were, non-polar or slightly polar mole¬ 
cules from their midst. The result is an abnormally great fugacity for any 
non-polar molecules mixed with the polar ones, just as would be the case in a 
lesser degree if the high internal pressure were not accompanied by polarity. 
On account of the greater selective attraction of the polar molecules for each 
other, however, the squeezing-out effect may be greater than it would be in 
the case of high internal pressure alone unaccompanied by polarity. The re¬ 
sult in either case is a strong positive deviation from Raoult^s law with the 
accompanying effects upon solubilities. This tendency of the polar liquid to 
squeeze out the non-polar one is of course balanced by the thermal agitation, 

» “A Comprehensive Treatise on Inorganic and Theoretical Chemistry,"' 1, 555, Fig. 
22 (1922). 

»‘^Solubility," 85 (1924). 
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which, increasing as the temperature increases, tends to give the upper critical 
temperature of mixing of two liquids so much more common than a lower 
critical temperature/’ 

The best way to find out the value of a hypothesis is to carry it to an ex¬ 
treme. Knowing the partial pressure isotherms for any pair of liquids we can 
calculate what the molecular weights should be in order to give the ideal curve 
if we make the explicit, though temporary, assumption that pol3rmerization 
and depolymerization are the only disturbing factors. We can do this either 
from the Raoult formula Ni/(NiH-N2) = (p2*--p2')/P2 or from the exponent 
in the case of the so-called Henry formula N2/(Ni+N2) = (P2VP2)"* Theo¬ 
retically one should take the tangent at a given point in order to determine 
the exponent; but it is close enough for anything that we can do at present to 
take the slope of the curve between two adjacent points. In so far as these 
slopes are constant, the change of the partial pressures with the change of the 
molecular concentrations can be represented by a so-called exponential 
formula. The Raoult equation and the Henry equation deduced from it are 
necessarily identical for ideal solutions; but they are not necessarily identical 
and are not always identical for non-ideal solutions. 

In Table II are given the data for ethyl alcohol and water at 25® as deter¬ 
mined by Dobson^ with the apparent coefficients of polymerization as cal¬ 
culated from the Raoult equation. 

Table II 

Ethyl alcohol and water at 25° (Dobson). Raoult’s law. 
a: = mol fraction alcohol; i — x ~ mol fraction water, 
p'l = partial pressure alcohol, p'2 partial pressure water; mm. Hg. 

A = apparent coefficient of polymerization of ethyl alcohol. 

B = apparent coefficient of polymerization of water. 


X 

P'a 

A 

I —X 

P'l 

B 

0.0 

23 -73 

— 

I.0000 

0.0 

— 

0.0523 

22.64 

1.2 

0.9477 

10.5 

3-9 

0.0918 

21.78 

1,1 

0.9082 

16.66 

3-9 

0 1343 

21.15 

1 .2 

0.8657 

22.27 

3.6 

0.6170 

21.79 

1-4 

0.8330 

24.90 

3*6 

0.2022 

20.36 

1.5 

0.7978 

26.85 

3.3 

0.2850 

19.60 

2.0 

0.7150 

35-73 

2.7 

03370 

19.01 

2.1 

0.6630 

32.16 

2.2 

0.4903 

17.31 

2.6 

0.5097 

36.64 

1.6 

0.5822 

16.18 

3.0 

0.4178 

39-53 

1-5 

0.7810 

10.68 

2.9 

0.2190 

47.40 

1.1 

I.0000 

0.0 

— 

0.0 

50.01 

— 


The apparent molecular weight of ethyl alcohol is only slightly above 
normal up to ten molecular percents of alcohol and rises to about three times 
normal in the concentrated solutions. The apparent molecular weight of 


^ J. Chem. Soc., 127, 2866 (1925)* 
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Table III 

Ethyl alcohol and water at 25° (Dobson). Henryks law. 

X = mol fraction alcohol; i—x = mol fraction water. 

p'l = partial pressure alcohol; p'2 = partial pressure water; mm. Hg. 


%p'l = 

= p'l/pi; %p'2 = p'j/pj 

log X 

= 5-3034 + 

2.8 log p'l 

log (l 

-x) = 3.28 + 

2.0 log p 2 




X 

p'l 

p'l calc. 

% p'l 

% p'l calc. 

A log Xi 
Alog pi 

0.0523 

10-5 

10 - 54 * 

0. 178 

0.179* 

I . 2 

0.0918 

16.66 

16.53* 

0.282 

0.280* 

r -3 

0.1343 

22.27 

22.41* 

0.377 

0.380* 

2.0 

0. 1670 

24.90 

25-1 

0 422 

0.425 

2.5 

0.2022 

26.85 

26.9 

0.455 

0.456 

2.8 

0.2850 

30.73 

32.16 

30.4 

0.521 

0.51S 

3.8 

0.3370 

32.3 

0.544 

0.547 

2.8 


0.4903 

36.64 

36.9 

0.621 

0.625 

2.3 

0.5822 

39.S 3 

39-2 

0.670 

0.664 

1.7 

0.7810 

47.40 

43-6 

0.803 

0.738 

1.0 

I.0000 

59.01 

47-6 

I .000 

0.801 


I-X 

p '2 

p '2 calc. 

%p'2 

% p '2 calc. 

Alog (i-x) 
Alog p '2 

I.0000 

23.73 

22.91 

1.000 

0.980 

1.5 

0.9477 

22.67 

22.30 

0.969 

0.954 

1.6 

0.9082 

21.78 

21.8 

0.931 

0.933 . 

2.8 

0.8657 

0.8330 

21.15 

21.3 

0.904 

O.911 

2.5 

20.79 

20.9 

0.889 

0.894 

2.9 

0.7978 

20.36 

20.5 

0.871 

0.875 

2 . 1 


0.7150 

19 60 

19.4 

0.838 

0.828 

2.0 

0.6630 

19.01 

18.7 

0.813 

0.797 

1.6 

0.5097 

17.31 

16.4 

0.740 

0.699 

I. I 

0.4178 

16.18 

10.68 

14.8 

0.692 

0.633 

1-7 

0.2190 

10.7 

0.457 

0.458 



* Calculated by equation log x « 3.44 1.25 log p. 
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water is practically normal up to twenty molecular percents of water and rises 
to about four times normal in the concentrated solutions. Taken by themselves 
these values are not impossible ones, though they are higher than those 
deduced from the surface tension relations. 

In Table III are the same data calculated to show the slopes of the curves 
and also showing the degree of accuracy to be obtained by using exponential 
equations. Calculations have also been made on the basis of percentage 



Fig. 3 

Ethyl Alcohol and Water at 25° (Dobson) 


partial pressures, because that makes it possible to compare data at two tem¬ 
peratures or for two different liquids. 

The exponent for alcohol is not much above unity between five and nine 
molecular percents of alcohol, rises to a maximum of 3.8 with increasing alcohol 
concentration, and drops to unity between eighty and one hundred molecular 
percents of alcohol. Since the two end-points must lie on the ideal curve, 
there must be a maximum variation somewhere in the middle of the curve 
and the exponents may and often will approach unity at the two ends. It 
is probable that the maximum of 3.8 is due to experimental error. 

The exponent for water shows an improbable value of 1.7 between twenty 
and forty molecular percents of water, dropping to i.i between forty and fifty 
molecular percents of water. It then rises to a maximum of 2.9 and falls off 
to about 1.5 between ninety-five and one hundred molecular percents of 
water. 
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From Tables II and III we are justified in drawing the conclusions that 
water shows a molecular weight of i8 in concentrated alcoholic solutions and 
that ethyl alcohol shows a molecular weight of 46 in dilute alcoholic solutions; 
but beyond that there is very little agreement. A strict application of our 
assumptions calls for a molecular weight of 72,(1120)4 for the molecular 
weight of pure water from Table II while Table III shows no signs of such a 
result. 

Dobson^s data are shown graphically in Fig. 3. The left-hand curve for 
the partial pressures of alcohol, marked H2O, represents Dobson’s actual 
figures and is therefore the curve on the assumption that water is monomole- 
cular throughout. It coincides fairly well with the ideal Raoult curve (the 
straight diagonal) down to at least fifteen molecular percents of water. From 
twenty molecular percents of water onwards there is no suggestion of an agree¬ 
ment between the experimental curve and the theoretical line. This variation 
cannot be due primarily to heats of dilution or to solvate formation, because 
the partial pressure curve for water shows positive variations also. 

The curve of the alcohol pressures indicated as (H 20)4 is calculated on 
the assumption that liquid water is quadrimolecular over the whole range. 
It is evident that this assumption enables us to predict the facts satisfactorily 
from about sixty to one hundred molecular percents of water. Consequently 
the partial pressures of ethyl alcohol in aqueous alcoholic solutions can be repre¬ 
sented over the whole range by assuming that the molecular weight of water 
varies suitably from i8,(H20), to 72,(1120)4. I have not done this and have 
not tried to apply the mass law, because the subsequent study of the system, 
methyl alcohol and water, will show that liquid water cannot be represented 
by the formula (H20)4. 

If we look at the partial pressure curve for water in Fig. 3, we see that 
ethyl alcohol is monomolecular in dilute solution in water, as it should be. 
With increasing concentration, we get positive deviations. The circles with 
dots in them show the curve marked (C2H60H)2—which we get if we assume 
that ethyl alcohol is bimolecular throughout. There is, of course, an over¬ 
correction at the water end; at the alcohol end the correction is not quite 
enough. If the polymerization were the only factor causing the abnormal 
curve, this would mean that pure liquid alcohol was more than bimolecular. 
This conclusion does not follow, however, if we scale down the apparent 
molecular weight of water as we are going to do. 

In Tables IV-V and Fig. 4 are the data for methyl alcohol and water at 
30.9® as Ferguson and Funnell.^ In the dilute solutions of water in methyl 
alcohol, the partial pressures of methyl alcohol fall very well on the ideal line 
up to at least twenty molecular percents of water which means that water is 
practically monomolecular as far as that concentration. Along the lower 
left-hand portions of the curve there are positive deviations; but at ninety- 
five molecular percents of water, the apparent coefiicient of polymerization 
is only 1.6. The right-hand alcohol curve—marked (H20)2—which we get 


1 J. Phys. Chem., 33 , i (1929)* 
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on the assumption that water is bimolecular throughout. This involves an 
over-correction from beginning to end and consequently the mean molecular 
weight of liquid water comes out much less than 36 from the data with methyl 
alcohol on the assumption that polymerization is the only disturbing factor. 

The partial pressure isotherm for water with methyl alcohol considered as 
monomolecular does not lie much above the ideal curve and the calculated 
coefficient of polymerization does not go over 1.5 at any point. The circles 
with dots in them indicate the curve calculated on the assumption that methyl 
alcohol is bimolecular throughout. The bimolecular curve lies farther below 
the ideal curve than the monomolecular curve lies above. From the data as 
shown in Tables IV and V and plotted in Fig. 4 we are therefore justified in 
deducing that, so far as our knowledge now goes, both liquid water and liquid 
methyl alcohol are not polymerized to bimolecular values at 30.9°. 

Except for the difference in temperature, which is only six degrees, liquid 
water must be the same whether we determine it by extrapolation from methyl 
alcohol solutions or from ethyl alcohol solutions, always supposing that we 
are not overlooking some important factor. Actually we get a value for the 
molecular weight of water of not to exceed 30 by extrapolation from methyl 
alcohol solutions and a value of about 72 by extrapolation from ethyl alcohol 
solutions, a difference which is far outside any experimental error. Conse¬ 
quently the partial pressures of ethyl alcohol in an aqueous alcohol solution 
are much higher over most of the range of concentrations than they ought to 
be from what is known about the molecular weight of water. 


Table IV 

Methyl alcohol and water at 30.9® (Ferguson). Raoult’s law. 

X = mol fraction alcohol; i-x = mol fraction water. 

Pi = partial pressure alcohol; pa = partial pressure water; mm. Hg. 
A — apparent coefficient of pol3rmerization of methyl alcohol. 

B = apparent coefficient of polymerization of water. 


X 

p'« 

A 

I-X 

P'l 

B 

0.0 

55-0 

— 

1.00 

0.0 

— 

0.05 

52.8 

1-3 

0.95 

20.2 

1.6 

0.10 

50-7 

1-3 

0.90 

39-8 

1.6 

0.20 

45-1 

I. I 

0.80 

74.4 

1.6 

0.30 

41.9 

1.4 

0.70 

lOI . I 

1*5 

0.40 

37-7 

i-S 

0.60 

122.8 

1*3 

0.50 

32.8 

1-5 

0.50 

143*7 

1.2 

0.60 

27 s 

1-5 

0.40 

165-3 

1.2 

0.70 

21.0 

1.4 

0.30 

188.0 

I. I 

0,80 

14.8 

1 .5 

0.20 

210.4 

I. I 

0.90 

7.8 

i-S 

0.10 

235*0 

1.0 

I .00 

0.0 

— 

0.0 

260.5 

— 
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Table V 


Methyl alcohol and water at 30.9° (Ferguson). Henry's law. 

X = mol fraction alcohol; i —x = mol fraction water. 

p'l == partial pressure alcohol; p'2 = partial pressure water; mm Hg. 


%p'l 

= p'l/pi; %p '2 = 

P' 2 /P 2 

log X 

= 4.99 + 

1.25 log Pi 

log (l 

-x) = 3-68 + 4/3 log p'2 




X 

p'l 

p'l calc. 

%p'i 

% p'l calc. 

Alog Xi 
Alog p'l 

0.05 

20.2 

23-3 

0.078 

0.089 

1.0 

0.10 

39-8 

40.4 

O-153 

0.156 

I. I 

0.20 

74-4 

70.6 

0.286 

0.388 

0.271 

T -3 

0.30 

lOI . I 

122.8 

97-7 

0.375 

1-5 


0 

0 

122.9 

0.471 

0.472 

1.4 


0.50 

143-7 

141.7 

0-553 

0.567 

1-3 

0.60 

165-3 

170.1 

0.635 

0.653 

1-3 

0.70 

188.0 

192.3 

0.722 

0.738 

1.2 

0 

00 

0 

210 4 

214.1 

0.808 

0.822 

I. I 

0,90 

23 S -0 

23 S-I 

0.902 

0.903 

1.0 

1.00 

260.5 

255-9 

1.000 

0.982 


I-X 

P't 

p '2 calc. 

% P'* 

% p '2 calc. 

Alog(i-x) 
A log p '2 

1.00 

SS-o 

55-0 

1.0000 

0.999 

1-25 

0.95 

52.8 

52.9 

50.8 

0.9602 

0.961 

1-3 

0.90 

SO -7 

0.927 

0.923 

1.01 


0 

00 

d 

45-1 

46.5 

0.820 

0.847 

1.8 

0. 70 

41.9 

42.1 

0.762 

0.765 

1-5 

0.60 

37-7 

37-5 

0.685 

0.681 

1-3 

0.50 

32.8 

32-7 

0.596 

0.594 

1-3 

0.40 

27 -S 

27.6 

0.590 

0.503 

1.01 

0 

0 

21.0 

21.2* 

0.382 

0.385* 

1.2 

0.20 

14.8 

14.6* 

7.8* 

0.269 

0.265* 

1.01 

0.10 

7.8 

0.142 

0.143* 


Calculated by equation log (i - 

-x) = 2.019 -f 1.1 log p. 
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Since the deviations are positive both for ethyl alcohol and for water, the 
over-looked factor must be one which will affect both molecular weights 
similarly. This could occur if we had in solution a i:i hydrate of alcohol; 
but there is no independent evidence of this, and this would not be adequate, 
without some further assumption, to account for the differences between the 
alcohol and the water isotherms. It is not desirable to pile up assumptions 
when we have another explanation which does not need so much bolstering 
and for which we already have independent confirmation. 



Fig. 4 

Methyl Alcohol and Water at 30.9° (Ferguson and Funnell) 

The obvious disturbing factor is the tendency for aqueous alcoholic solu¬ 
tions to separate into two liquid layers. We know that the higher alcohols are 
not completely miscible with water, that water and ethyl alcohol can be made 
to form two liquid layers on addition of certain salts, whereas there is ap¬ 
parently no record of this being possible with methyl alcohol and water. This 
is what one would expect because methyl alcohol has a CHs group in place of 
one H in water, whereas ethyl alcohol substitutes a C2H6 group and propyl 
alcohol a CsHt group. We can therefore predict that the apparent poly¬ 
merization of water dissolved in propyl alcohol will be greater than that of 
water dissolved in ethyl alcohol. Wrewsky^ has data at 30.35®, which are 


^ Z. physik. Chem., 80 > 21 (1913). 
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therefore comparable with those of Dobson except in accuracy, and the 
accuracy is sufficient for our purpose. In the most concentrated solutions, 
about 84 and 91 molecular percents of water, the apparent polymerization 
coefficient of water is 8-10 in propyl alcohol as compared with 4 in ethyl 
alcohol and considerably less than 2 in methyl alcohol. When calculated in 
the same way the data of Keare, McVicar and Ferguson^ give an apparent 
polymerization coefficient of, 8 for water in acetone. 

A corollary of this is that propyl t— n--- — 

alcohol will be more abnormal in 

water than ethyl alcohol and ethyl - ^—1^200 

alcohol than methyl alcohol. A / { 

glance at Fig. 5 will show that this-- ' - f- - 

is true. The ordinates are the partial / j 

pressures of water divided by the 

vapor pressure of pure water at the / / 


■ 

m 


m 




m 




m 

■ 

■■ 

■ 


Moi. 

Fig. 5 

Top Curve: Prenyl Alcohol 
Second Curve: Ethyl Alcohol 
Third Curve: Propyl Alcohol 
Fractional Pressures Water 



aO 60 60 

% ^LCO^Ol. 


Ethyl Alcohol and Benzene at 50° 
(Lehfeldt) 


same temperature. This is done to minimize differences of temperature. 
There is of course nothing surprising about the higher alcohols being apparently 
more poljonerized than the lower alcohols. It is what we have always 
believed. The catch will appear when we consider these same alcohols in 
benzene solution. 

In Tables VI and VII and in Fig. 6 are given the data for alcohol and 
benzene at 50® by Lehfeldt.^ There are errors in Lehfeldt^s determinations 
because the partial pressure of 255.3 for benzene containing 21.5 mole¬ 
cular percents alcohol is higher than the figures for the two more dilute 


* J. Phys. Chem., 34 , 1310 (1930). 
*Phil. Mag., (5), 46 , 59 (1898). 
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solutions, which is of course impossible. Lehfeldt calculated his apparent 
molecular weights from a smoothed curve and not from bis actual data. That 
accounts for his missing the fact that alcohol is not abnormal in very dilute 
solutions in benzene. 

Table VI 

Ethyl alcohol and benzene at 50® (Lehfeldt). Raoult^s law. 

X = mol fraction alcohol; i—a: = mol fraction benzene, 
p'l = partial pressure alcohol; p'2 = partial pressure benzene; mm Hg. 

A = apparent coefficient of polymerization of ethyl alcohol. 

B = apparent coefficient of polymerization of benzene. 


X 

p's 

A 

I-X 

P'l 

B 

0.0 

270.9 

— 

1.000 

0.0 

— 

0.088 

251-9 

1-3 

0.912 

98.5 

8.4 

0.121 

250.2 

1-7 

0.879 

118.8 

8.6 

0.215 

255-3 

4.6 

0-785 

141.6 

8.5 

0-355 

247-2 

5-7 

0.64s 

158.7 

4.7 

0.444 

235-8 

5-4 

0-556 

168.6 

4.1 

0.561 

218.3 

5-3 

0-439 

179-3 

3-5 

0.697 

184-3 

4-9 

0-303 

194.1 

3-3 

0.886 

104.6 

4-9 

0.114 

210.4 

3-0 

1.000 

0.0 

— 

0.0 

219-5 

— 


From the partial pressures and the calculations in Table VII, we see that 
the apparent polymerization of alcohol in benzene increases rapidly up to 
about thirty-five molecular percents of alcohol, where the coefficient of poly¬ 
merization is nearly six and then sags off to about five. These high apparent 
molecular weights are qualitatively in keeping with the heats of dilution. 
Gibbons’ and I tried hard but unsuccessfully to account for the data quan¬ 
titatively on the assumption that the heat of dilution was the important dis¬ 
turbing factor. It is clear enough now, fifteen years later, why we failed. 

If we look at the curve for benzene in alcohol, we find to our surprise that 
the apparent polymerization of benzene in alcohol is much greater than the 
apparent polymerization of alcohol in benzene, the coefficient of polymeriza¬ 
tion of benzene running up to 8-9, while that for alcohol is only s~6. If the 
heat of dilution were the important disturbing factor the apparent molecular 
weights for benzene should be low and not high. Consequently that is 
eliminated. Nobody believes that liquid benzene is polymerized to anything 
like eight-fold under any conditions, but if we throw out the benzene values 
we must throw out the alcohol values also, because they stand or fall together. 
Nobody will claim the existence of a i :i compound between alcohol and ben¬ 
zene as the cause of the difficulty and we are therefore forced to assume that 
the chief disturbing factor is the hypothetical tendency of ethyl alcohol and 
benzene to form two liquid layers. 


i J. Phys. Chem., 21, 48 (1917) 
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Table VII 

Alcohol and benzene at 50® (Lehfeldt) Henry's law. 

X == mol fraction alcohol; i—x — mol fraction benzene. 

p'l = partial pressure alcohol; p2 = partial pressure benzene; mm Hg. 



= p'l/pi; %p't/pt 

log X = 

8.9750 + 3 log p'l 

log (l 

—x) = 7.814 + 

2.5 P'2 




X 

p'l 

p'l calc. 

%p'i 

% p'l calc. 

A logx 

A log p'l 

0.088 

98.5 

97-7 

0.449 

0.445 

1.6 

0. 121 

ir8.8 

108.6 

0.541 

0.495 

3-3 

0.215 

141.6 

131-7 

0.645 

0.600 

4-1 

0-355 

158.7 

155-5 

0.723 

0.709 

3-7 

0.444 

168.6 

167.5 

0.768 

0.763 

3 8 

0.561 

179 3 

181 . T 

0.827 

0.825 

3-9 

o.6q7 

194.1 

194-7 

0.884 

0.887 

3 0 

0.886 

210.4 

210.9 

0.959 

0.961 

2.9 

1,000 

219 .5 

219.6 

1.000 

1.001 


I-X 

p's 

p'2 calc. 

% p'2 

% p'2 calc. 

A log(i-x) 
Alog p'2 

1.000 

270.9 

298.2 

1.000 

I . lOI 

1-3 

0.912 

251.9 

287.3 

0.930 

1.061 

13-3 

0.879 

250.2 

283.1 

0.927 

1-045 

7.1 

0.785 

255.3 

270.6 

0.942 

0.999 

6.1 

0.645 

247.2 

250.2 

0.913 

0.923 

3-1 

o. 5£6 

235.8 

235.8 

0 

00 

d 

0.870 

3-1 

0.439 

218.3 

216.4 

0.806 

0.799 

2.2 

0.303 

184.3 

183.9 

0.680 

0.683 

1.8 

D. H 4 

104.6 

125.1 

0.390 

0.462 
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As there was no other evidence that benzene and alcohol tend to form a 
dineric system and since nobody has ever recorded any case of two liquid 
layers in such a system, the outlook for this hypothesis was pretty hopeless. 
By means of a flank attack the hypothesis has been established. Methyl 
alcohol is more like water and therefore less like benzene than ethyl alcohol. 
On the other hand propyl alcohol is less like water and therefore more like 
benzene than ethyl alcohol. If the chief cause of the abnormal molecular 
weights is the tendency to form two liquid layers, we can predict that methyl 

alcohol will be the most abnormal 
in benzene, ethyl alcohol less ab¬ 
normal, and propyl alcohol the least 
abnormal of the three. We can also 
predict that it should be easier to 
form two liquid layers from methyl 
alcohol and benzene than from ethyl 
alcohol and benzene. 
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Fig. 7 

Ethyl Alcohol and Toluene at 50® 
(Lehfeldt) 


BO 

MOL m/^CT/ON /9LC0/^0L 
Fig. 8 

Top Curve: Benzene 
Second Curve: Toluene 
Third Curve: Water 
Fractional Pressures Alcohol 


The second prediction was verified first because it was easier to do. Mr. 
Lee found that he could get two liquid layers with methyl alcohol and benzene 
by adding sodium iodide or anhydrous calcium chloride, both of which are 
soluble in methyl alcohol and insoluble in benzene. He was not able to get 
two liquid layers from solutions of ethyl alcohol and benzene. 

Mr. Lee has also determined partial pressure isotherms for benzene and 
methyl alcohol and for benzene and propyl alcohol at 40®. He finds, as 
predicted, that the apparent polymerization of methyl alcohol is greater than 
that of ethyl alcohol, while the apparent polymerization of propyl alcohol is 
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less. The apparent coefficients of polymerization for high alcohol concen¬ 
trations are approximately: methyl alcohol, 7+; ethyl alcohol, 5; propyl 
alcohol, 4+. 

If we obtain the degrees of polymerization of the liquid alcohols by extra¬ 
polation from water solutions, we find that the order of decreasing polymeriza¬ 
tion is CH3CH2CH20H>CH2CH20H>CH80H. By extrapolation from 
benzene solutions we get the reverse order CHsOH >CHaCH20H >CH8CH2- 
CH2OH. Both orders cannot be right. The discrepancy disappears if we 



Acetone and Ether (Sameshima) 


postulate that we are not measuring pol}rmerization8 but tendencies to form 
two liquid layers. On this basis the two orders should be different and we can 
predict which is which. 

A similar conclusion was reached by Perrakis' in 1925 from experiments 
on the lowering of the freezing-point of benzene by different alcohols. Over 
quite a range of concentrations, butyl alcohol lowers the freezing-point of 
benzene the most and methyl alcohol the least. “The flat portion of the curve, 
which indicates the nearness of a state of rum-miscihility, is less and less marked 
as one passes up from methyl alcohol to normal butyl alcohol. This fact 
shows that the miscibility of these alcohols with benzene increases as one passes 
up in the homologous series of the alcohols. ... Of all the substances that we 
have just studied, only o-cresol and phenol give a good miscibility with ethyl 
alcohol. These are good solvents of ordinary alcohol. . . whereas benzene and 
phenyl oxide are bad solvents of ethyl alcohol. 


‘ . 7 . Chim. phys., 22, 290 (1925). 
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Perrakis also points out that in 1909 Faucon determined the freezing- 
point curves for formic, acetic, propionic, and butyric acids in water. The 
form of the curve gets flatter as one passes from formic to butyric acid, in¬ 
dicating the approach of non-miscibflity. Perrakis comments on the fact 
that the apparent polymerization increases as one goes up in the homologous 
series for the acids in water and goes down for the alcohols in benzene. 

Freezing-point curves are not as safe material on which to base conclusions 
as partial pressure isotherms because heats of dilution have a double effect. 



Fig. 10 

Acetone and Methyl Alcohol (Morton) 


They distort the partial pressure isotherms and in addition they distort^ 
the freezing-point curves. In the cases cited, the effects are so large that they 
are not masked by the heats of dilution. 

In Table VIII and Fig. 7 are given Lehfeldt^s data for alcohol and toluene. 
They don’t differ very much from those for alcohol and benzene. This is 
shown clearly in Fig. 8. The benzene curve is the most abnormal; then comes 
the toluene curve; and the water curve is the least abnormal of the three, 
though that is not saying much. 

In Table IX and Fig. 9 are shown the data for acetone and ether at 30® 
by Sameshima.2 This does not differ much from the methyl alcohol and 
water diagram. Fig. 4. Since the variations are positive in both cases, the 
chief disturbing factor cannot be poljnnerization or heat of dilution. 

In Fig. 10 we have the data for acetone and methyl alcohol by Morton.® 
This is the only pair of this series in which the variations have opposite signs 


^ Ewan: Z. physik. Chem., 14 , 409 (1894). 

^ J. Am. Chem. Soc., 40 , 1483, 1504 (1918) 
* J. Phys. Chem., 33 , 384 (1929)- 
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Table VIII 

Alcohol and toluene at 50® (Lehfeldt). Henry’s law. 

X = mol fraction alcohol; i —x = mol fraction toluene, 
p' = partial pressure alcohol; p'j = partial pressure toluene; mm Hg. 
%p'i = P'l/PiJ %P'i! = Pj/p's log X = 10.81 + 4 log p'l 
log(i-a:) = 9.4450+4.4 log p's 


X 

p'. 

p'l calc. 

% p'l 

% p'l calc. 

A log X 

A log p'l 

0.138 

117.9 

120.9 

0.530 

0.551 

3-2 

0-334 

154-8 

150.5 

0.705 

0.687 

4.6 

0-437 

164. I 

161.3 

00 

0 

0.735 

3-8 

0 -S 33 

172.8 

169.5 

00 

d 

0.772 

6.2 

0.634 

176.1 

177 

0.802 

0.806 

3-4 

0.736 

184.0 

183.7 

0 

00 

00 

0.838 

3-5 

0.806 

0.885 

188.8 

188 

0.860 

0.856 

1-3 

202.6 

201.7* 

0.923 

0.923 

1-7 


0.946 

210.6 

210.5* 

0.959 

*0 960 

1-3 

I .000 

219-5 

218.8* 

I .000 

0.997 


I —x 

p'2 

p'j calc. 

^/c p'2 

% {)'., calc. 

A logfi — x) 
Alog p'2 

1.000 

93-0 

88.0 

1.000 

0.946 

I . l 

0.862 

81.6 

85.1 

0.877 

0.915 






14.9 

0.666 

80.2 

80.2 

0.862 

0.862 

4.0 

0-513 

76.9 

77.3 

0.826 

0.830 

3-0 

0.467 

0.366 

72.2 

74-4 

0.776 

0.800 

13*4 

70.9 

70.0 

0.762 

0.753 

3-8 


0.264 

65.0 

65.0 

0.099 

0.698 

2.6 

0.194 

57-7 

57 - 0 ** 

39 - 2 ** 

0.020 

0.612 

1-3 

0.115 

38-9 

0.418 

0.421 

1.4 

22.9** 

0.054 

22.9 

0.246 

0.246 



* Calculated by equation log x = 4.49 + 1.5 log 
Calculated by equation log (i —x) = 4.83 ■+■ 1.4 log p'2. 
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Table IX 

Acetone and ether at 30® (Sameshima). Henry’s law. 

X = mol fraction acetone; i.a; == mol fraction ether. 


p'l = 

partial pressure acetone; p'2 

= partial pressure ether; mm Hg. 

%p't 

= p'l/pi; %p'i = 

= P'*/P2 

log X = 

4.573 + 1.4 log Pi 

log (l 

-X) = 4.57 + 1-22 log p 2 



A log X 

A log p'l 

X 

P'p 

p'p calc. 

%p'i 

% p'l calc. 

0.0387 

21.8 

27.7 

0.077 

0.098 

I . I 

0.1327 

66.2 

66.3 

0.234 

0.234 







1-3 

0.2509 

106.7 

104.4 

0.377 

0.370 

1-5 

0.3454 

132.4 

13^-3 

0.468 

0.464 

1.5 

0.4958 

167.5 

169.9 

0-593 

0.601 

r -5 

0.6507 

201.2 

201.3 

0.712 

0.730 

1-3 

0.7047 

213 7 

218.4 

0.756 

0.773 

1*3 

00 

00 

0 

243 - 1 

247.2 

0.860 

0.875 

I. I 

0.9337 

266.8 

266.8 

0.944 

0.944 







1-5 

0.9528 

270.6 

270.9 

0.957 

0.958 

1-3 

0.9799 

276.6 

276.4 

0.979 

0.978 

0.94 

I.0000 

282.7 

280.5 

1.000 

0-993 


I —X 

P '2 

p '2 calc. 

%P'2 

% p '2 calc. 

A Iog(i -x) 
A log p't 

1.000 

646.0 

647.9 

1.000 

1.003 

1.8 

0.9613 

632 -5 

627.4 

0.979 

0.971 

1.0 

0.8673 

570.8 

576.5 

0.884 

0.892 

1-3 

0.7491 

510.2 

513-2 

0.790 

0.794 

1.5 

0.6546 

464.6 

457-6 

0.718 

0.709 

1*5 

0.5042 

390.3 

369-6 

0 604 

0.572 

1-5 

0.3493 

301.5 

273.6 

0.467 

0.424 

1-3 

0.2953 

266.0 

238.3 

0.412 

0.369 

1-3 

0.1619 

166.5 

145.6 

0.252 

0.225 

1 . 1 

0.0663 

71.0 

70.1 

0. no 

0.108 

1.4 

0.0472 

55-3 

53-1 

0.086 

0.082 

0.9 

0.0201 

20.8 

26.3 

0.032 

0.041 
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in the two cases. Consequently, the tendency to form a dineric system is not 
the chief disturbing factor in this case, as it has been in all the others. Further 
discussion of this system is postponed to a later time. 

In Table X and Fig. 11 are the data for water and glycerol at 70® by Per- 
man and Price.^ While the curve does not lie far from the ideal line, it is to 
the right of it, which should mean a dissociation of water if we considered the 
variations to be due solely to polymerization or dissociation. 



Fig. II 

Water and Glycerol at 70® (Perman and Price) 


Table X 

Water and glycerol at 70® (Perman and Price). Henry’s law. 

X = mol fraction water; p'l = partial pressure water; mm Hg. 
%p'i = p'l/p'; 1-2 log X = 3.625 + log p'l 


X 

p'l 

p'l calc. 

0.410 

79.8 

00 

M 

0-599 

128.1 

128.2 

0.764 

173-4 

171.7 

0.8.62 

199.9 

198.4 

0.949 

222.3 

222.7 

0.977 

229.3 

229.8 

0.977 
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^ Trans. Faraday Soc., 8, 68 (1912). 
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It has been shown conclusively that the effect on the partial pressures of 
the tendency to form two liquid layers is one that cannot be neglected and that 
it is the most important disturbing factor in the systems methyl alcohol, 
ethyl alcohol and propyl alcohol with water and with benzene or toluene. 
On the other hand it is apparently not the important factor in the system 
acetone and methyl alcohol or in the system water and glycerol. We are 
therefore justified in concluding that the mean molecular weights of liquid 
water, liquid ethyl alcohol, and liquid methyl alcohol are definitely less than 
corresponds to the bimolecular formula. This does not of course mean that 
water molecules corresponding to (H20)3 or (H20)6 cannot occur. A solution 
consisting of 5H2O + (H20)6, for instance, would have a mean molecular 
weight of 33 which is less than the bimolecular value of 36. 

This paper has a possible bearing on the Debye-Hiickel theory. Debye 
and Hiickel postulated that the only disturbing factor in the case of dilute 
solutions of certain electrolytes was the electrostatic effect of the ions. It was 
an eminently advisable assumption that the electrostatic effect was one of the 
disturbing factors or even that it was the most important of the disturbing 
factors; but they have never proved that it was the sole factor and most 
physical chemists have forgotten or have never realized that this unproven 
assumption underlies all the calculations in the Debye-Hiickel theory. 

In the case of water and salicylic acid (a weak electrolyte) we have an 
instable two-liquid layer system. It has been shown in this paper that the 
tendency to form two-liquid layers may introduce errors of at least seven 
hundred percent in systems in which the tendency to form two liquid layers 
is much less pronounced than with water and salicylic acid. There is no 
evidence as yet that a tendency to form two liquid layers occurs in the systems 
studied by Debye and Hiickel or by their followers; but it is a possible source 
of error in view of the fact that we get two liquid layers with aqueous acetone 
and a great number of salts—admittedly at relatively high concentrations 
from the view-point of the modem orthodox physical chemist who considers 
a hundredth-normal solution as a concentrated one. It is also quite conceiv¬ 
able that it is the overlooking of an unsuspected source of error which causes 
the Debye-Hiickel theory to break down, rather than an inadequate treatment 
of the electrostatic effect. 

The general conclusions to be drawn from this paper are:— 

1. Polymerization, dissociation, heats of dilution, and solvation—except 
when a i:i compound is formed—are disturbing factors which increase the 
apparent molecular weight of one component and decrease the apparent 
molecular weight of the other. 

2. A tendency to form two liquid layers increases the partial pressures 
and the apparent molecular weights of both components. 

3. Abnormally high molecular weights of both components have been 
observed with methyl alcohol and water, ethyl alcohol and water, propyl 



3184 


WILDER D. BANCROFT 


alcohol and water, methyl alcohol and benzene, ethyl alcohol and benzene, 
propyl alcohol and benzene, ethyl alcohol and toluene, and in many other 
cases. 

4. While ethyl alcohol might conceivably have a coefficient of polymeri¬ 
zation of six in benzene, it is impossible to assume that benzene can have a 
coefficient of polymerization of eight in alcohol. Consequently these are 
not true molecular weights. 

5. If the abnormal values for ethyl alcohol in benzene are due to the 
tendency to form two liquid layers, the abnormality should be and is greater 
with methyl alcohol. It should be and is less with propyl alcohol. 

6. In benzene the order of apparent polymerization is: methyl alcohol > 
ethyl alcohol > propyl alcohol. 

7. By addition of anhydrous calcium chloride or of sodium iodide to 
solutions of methyl alcohol and benzene, it is possible to obtain a separation 
into two liquid layers, whereas this could not be done with solutions of ethyl 
alcohol and benzene. These results were predicted. 

8. Since butyl alcohol is not miscible in all proportions with water, it 
was predicted, successfully, that the apparent molecular weights of ethyl 
alcohol in water would be more abnormal than those of methyl alcohol and 
less abnormal than those of propyl alcohol. 

9. In water the apparent order of polymerization is: propyl alcohol> 
ethyl alcohol > methyl alcohol. This is just the reverse of what was found, 
with benzene, proving that we are not dealing with a characteristic of the 
alcohols but with the differing tendencies to form two liquid layers in the two 
solvents. 

10. From freezing-point measurements in benzene Perrakis showed that 
the apparent polymerization of the alcohols increases as one passes up the 
homologous series, while Faucon showed that it decreased for the organic 
acids, formic to butyric in water. 

11. These results prove nothing as to relative polymerizations of ethyl 
alcohol in benzene and in water, because we cannot yet evaluate quantitatively 
the effects due to the tendency to form two liquid layers. The line of attack 
is probably through the internal pressures. 

12. It seems to be proved definitely that the true polymerization coeffi¬ 
cient of pure liquid water, of pure liquid methyl alcohol, and of pure liquid 
ethyl alcohol is distinctly less than two. 

13. In the case of acetone and methyl alcohol, the variations from the 
ideal curve are positive for the methyl alcohol isotherm and negative for the 
acetone isotherm. Consequently this is a case in which the tendency to form 
two liquid layers is not the important disturbing factor. 

14. In the water acetone system at 25®, as studied by Beare, McVicar and 
Ferguson, the apparent polymerization coefficient of water reaches a value of 
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about eight, which is not surprising in view of the readiness with which 
aqueous acetone solutions break into two liquid layers on addition of a suitable 
third component. 

15. In the water-glycerol system the variations from the ideal curve are 
slightly negative for the water isotherm. 

16. In all the systems studied the effect of the tendency to form two 
liquid layers is negligible in very dilute solutions. On the other hand, it 
now appears as one of the most important factors in complicating the treat¬ 
ment of concentrated solutions. 

17. It seems like retarding progress when the thermodynamicists treat all 
the disturbing factors under the single head of activity coefficients instead of 
trying to evaluate the single factors. 

Comdl Univeraity 



TRIATOMIC OR MONATOMIC HYDROGEN 


BY G. R. SCHULTZE 

Articles dealing with the existence of triatomic hydrogen appear over and 
over again. Indeed the subject matter merits the greatest attention not only 
because of its chemical interest but also because of its relation to the problem 
of chemical valence. Further interest in this field has been occasioned by the 
recent developments in the field of wave mechanics, developments which have 
led to a very remarkable extension of our conceptions of interatomic forces 
and chemical bonds, particularly for homopolar compounds. 

The more one becomes acquainted with these problems the more one 
realizes how little has actually been achieved toward the establishing of con¬ 
clusive proof of the existence of triatomic hydrogen. 

This note is written with special reference to a recent paper by J. L. 
Binder, E. A. Tilby and A. C. Grubb.* Without doubt the paper represents a 
good piece of research as far as a confirmation of facts already known and an 
extension of our knowledge of active hydrogen in general are concerned. But 
a proof of the existence of some sort of active hydrogen does not justify the 
assumption of the presence of triatomic hydrogen, since an explanation on the 
basis of monatomic hydrogen will still remain possible. 

We know that the existence of monatomic hydrogen is well established 
by the fundamental investigations of Langmuir, Wood, and many others. 
The facts about monatomic hydrogen are summarized in an excellent mono¬ 
graph by Bonhoeffer.2 

On the other hand Paneth, Klever, and Peters^ have shown that the 
experiments presented by several investigators intended to prove the forma¬ 
tion of triatomic hydrogen are open to question. They conclude that there 
really has been no proof to date for the existence of a neutral Hs-molecule. 

Moreover the interpretation of the results obtained by Wendt and his 
CO- workers^ is mainly based upon two facts: (a) the contraction of the gas 
under influence of activating agents; (b) the existence of as was found by 
J. J. Thompson.^ The contraction finds a satisfactory explanation in the 
*clean-up effect\ The positive ray spectrum undoubtedly gives evidence 
of a charged Hz’^ ion, but its existence is far from being a proof of an uncharged 
H3 molecule as Paneth (loc. cit.) has already pointed out. 

Another argument in favor of the triatomic modification is to be found in 
the claims of differences in reactivity and stability between H and Ha. A 

^ Canadian Journal of Research, 4 , 330 (1931). Cf. also Chem. Abs., 25 , 3917 (1931). 

* Erg. Exact. Naturwiss., 6, 201 (1927). 

* Z. Elektrochemie, 33 , 102 (1927). 

* J. Am. Chem. Soc., 42 , 930 (1920); 44 , 510 (1922). 

® Proc. Roy. Soc., 89 A, i (1913); also cf. A. I. Dempster: Phys. Rev., (2) 8 , 651 (1916); 
Phil. Mag., 31 , 438 (1916). 
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higher or lower concentration of atoms and, in particular, the fundamental 
influence of wall poisoning upon the formation of active hydrogen readily 
explain any observed effects which all together would only represent differ¬ 
ences in degree and not in kind. Thus the writer of this communication was 
able to estimate for the active hydrogen an increase of average life of about 
5 to 10 times as much as was assumed before simply by reducing the wall 
skin recombination by means of a negative catalyst.® On this ground no 
definite assertion can be made for the existence of either H or Hs unless some 
specific reaction’ for either one of the modifications is available. 

Additional evidence for the monatomic structure of active hydrogen could 
be drawn from more definite conceptions taken from the kinetic theory and 
from our knowledge of the reaction kinetics of disintegration of active hydro¬ 
gen. However, we need not go too much into detail. 

One more point should be mentioned however. While the older theory of 
atomic structure permitted such a molecule as Hs®, the more recent develop¬ 
ments of wave mechanics point to a contrary conclusion. 

The different forms of action of homopolar valence forces have been shown 
to be dependent upon the symmetry-properties of Schroedinger^s Eigen¬ 
function. The actual number of valences computed from the multiplicity of 
terms which correspond to a certain state, is given by the group-theoretical 
possibilities as limited by Paulies Principle. Assuming certain resonance 
effects London has expanded his theory to the formation of hydrogen mole¬ 
cules'^ and has shown that only two possibilities are given: homopolar bind¬ 
ing (i.e. fonnation of H2-molecules) or elastic reflexion (i.e. H -f- H atoms). 
For a third hydrogen atom^" an immediate application of Pauli's Principle 
results in an exclusion of a state in which all three electrons are characterized 
in exactly the same way. Only if the two H-atoms were bound antisym¬ 
metrically could the third one be attracted. An antisymmetrical combi¬ 
nation, however, corresponds in the last analysis to an exclusively positive 
value of energy as derived from Broglie's equation which means repulsion 
of the atoms. 

In conclusion may I add that I do not want to deny the possibility of an 
active form of hydrogen which may be attributable to an Hs molecule although 
modern physics has furnished strong theoretical arguments against such a 
molecule, but I do not believe that a mere proof of the existence of some sort 
of activation is sufficient basis for the assumption of the existence of Hs when 
one has a possible explanation by means of the well established atomic 
modification of active hydrogen. 

® V. Wartenberg and G. Schultze: Z, physik. Chem., 6, 261 (1930). 

’ Using perhaps Wrede’s orifice method if the two forms of active hydrogen should 
happen to be chemically identical. Cf. also Harteck: Z. physik. Chem., 139 A, 106 (1928). 

* N. Bohr: Meddel. Vetenskapsakad. Nobelinst., 5 , No. 28, i (1919)* 

»W. Heitler and F. London: Z. Physik, 44 , 455 (1927). 

‘®F. London: Physik. Z., 2Q, 559 (1928): lienee Abstr.: 31 , 909 (1928) No. W. 
Heitler and F. London: Z. Physik, 44 , 468 (1927). F. London: Z. Elektrochemie, 35 , 552 

(1929). 



O. R. SCHULTZE 


3188 

Since this communication was sent in, the author’s attention has been 
called to an article by Egon Hiedemann (Z. physik. Chem., 153 A, 210-240 
(1931)) entitled, “Die Natur des ‘dreiatomigen Wasserstoffes.” The elabo¬ 
rate experimental work of this investigator has shown conclusively that 
triatomic hydrogen does not exist. To summarize the result of his work: he 
found that a hydride of silicon accounts for the activity which can not be 
explained by means of monatomic hydrogen. It would seem therefore that 
the question of the non-existence of triatomic hydrogen has been definitely 
settled. 

Sdml of Chemistry, 

Universtty of Minnesota, 



THE COLLOID CHEMISTRY OF THE NERVOUS SYSTEMS. IIP 

HISTAMINE 


BY WILDER D. BANCROFT AND J. E. RUTZLER, JR ** 

There are people who are neither willing to trust their eyes nor to admit 
the verity of experimental results that fall logically into line and therefore 
act as checks one upon another. For the qualitative formulation of a theory 
one experiment repeated a great number of times lacks value almost totally 
in comparison to a large number of different experiments each of which fits 
the theory well. Were one to lose consciousness a hundred times by the 
agency of ether, it still would not teach him that sodium amytal is a good 
anesthetic, nor would he be able to predict that fact. So a single experiment 
repeated many times with the same result becomes a trustworthy tool, whereas 
a good theory is a whole workshop. So it is with a measure of real satisfaction 
that we are able to present this work on the action of histamine, because 
from several angles it supports strongly the contention* that histamine acts 
by the reversible agglomeration of the protein coUoids of the sympathetic 
nervous system. This conclusion was drawn from the action of sodium 
rhodanate as an antagonist for histamine in rabbits. The object of this 
paper is to show in a variety of different ways that the previous contention 
as to the mode of action of histamine best explains the facts met with. 

Dale and Laidlaw® report many#interesting things about the action of 
histamine; we will consider the anesthetic effect first. In the case of the 
frog, it depresses the central nervous system; this condition is also found in 
rabbits and cats, for 2S-milligram doses may cause a moderately deep narcosis 
in the rabbit, and ten milligrams a light narcosis in the cat. “When the 
injection is made subcutaneously, much larger doses are easily tolerated, 
both by the rabbit and the guinea pig. Twenty-five mgms. thus administered 
to a rabbit caused a gradual increase in rate of both heartbeat and respira¬ 
tion, the effect first becoming marked about 15 minutes after the injection. 
Defaecation, with semi-fluid faeces, and micturition occurred, and during 
the hour succeeding the onset of the symptoms the animal showed signs of 
prostration, with moderately deep narcosis. The attitude was sprawling, 
the head sunk on the table, the ears pale and cold. Recovery then set in, 
and in a few hours the animal was apparently normal.” 

“In the cat the d’screpancy between the effects of intravenous and sub¬ 
cutaneous injections was not so marked. Intravenous injections (long 

•This work was done under the piogramme now being carried out at Cornell University 
and financed in part by a grant from the Heckscher Foundation for the Advancement of 
Research established by August Heckscher at Cornell University. 

**Eli Lilly Research Fellow. 

‘ Bancroft and Rutzler: J. Pbys. Chem., 35. 1185 (1931). 

• J. Physiol., 41 , 318 (1910). 
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saphena vein) of two, four, eight and ten mgms. caused immediate vomiting 
and purging, profuse salivation, and laboured respiration, with a subsequent 
period of collapse and light narcosis, increasing with the dose. During this 
narcotic stage the pupils were markedly constricted. The cat which received 
ten mgms. intravenously, and which at the end of an hour had partially 
recovered, was then given a second intravenous injection of 20 mgms. Ihis 
caused renewed vomiting and collapse, but the symptoms were rather less 
marked than those produced by the first injection of ten mgms. The animal, 
which had thus received 30 mgms. in all intravenously, recovered completely 
during the night. The effects of subcutaneous injections in the cat were 
similar, though naturally somewhat slower in onset. 50 mgms. injected into 
a cat subcutaneously produced vomiting in six minutes, followed by purga¬ 
tion, and subsequently collapse and mild narcoses very similar to the condi¬ 
tion following smaller intravenous injections.” 

In a later paper^ we find: ‘The nonnal rabbit or guinea pig is easily 
killed by a relatively small intravenous injection of histamine, but suffers 
little harm from a much larger injection when deeply under the influence 
of an anesthetic. The unanesthetized cat, on the other hand, recovers from 
the depressant effects even of very large doses, while in the same species under 
an anaesthetic even moderate injections of histamine often produce a fatal 
circulatory collapse and respiratory failure, from which the animal does not 
recover even after prolonged appHcation of artificial respiration.” 

From the point of view of the theory of reversible agglomeration these 
actions of histamine at first appear to be paradoxical, for, while it anesthe¬ 
tizes both herbivora and carnivora, ^ anesthetic protects herbivora from 
histamine shock and synergizes the action of histamine in carnivora. How¬ 
ever, these apparently opposing facts can be reconciled. In the case of 
herbivora we have seen that there is a large discrepancy between the toxicity 
of an intravenous and a subcutaneous dose of histamine, the intravenous dose 
being by far the more toxic. Since anesthesia may result from the subcu¬ 
taneous administration of histamine, it becomes evident that the central 
nervous system is affected more readily by small concentrations of histamine 
than is smooth muscle and the sympathetic system. The shock effect is 
much greater as a result of the intravenous administration, which means that 
large local concentrations are necessary to cause agglomeration of the protein 
colloids in smooth muscle and sjrmpathetic nerves. 

The difference in effect between intravenous and subcutaneous injections 
must also mean that the rabbit and guinea pig detoxicate histamine fairly 
rapidly. If we assume that the anesthetic is taken up slightly by the sympa¬ 
thetic nervous system, its concentration may be low enough not to produce 
the condition of shock itself, and yet high enough so that the displacement 
by the histamine takes place too slowly to build up the shock concentration, 
even though intravenous injection is resorted to. This results in protection 
from the shock. In the case of carnivora the anesthetic prevents histamine 

* Dale and Laidlaw: J. Physiol., 52 , 355 (i9i9)« 
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from going into the brain, and forces it to concentrate in the sympathetic 
nervous system, with fatal results. Thus, with carnivorous animals the 
important thing seems to be the amount of histamine available; while with 
herbivorous animals the important thing appears to be the rate at which the 
histamine is supplied. 

Dale contributes^ many other facts about the action of histamine. 
Anesthetized cats and dogs showed a considerable fall of systematic arterial 
blood pressure upon the administration of histamine; this was due to a 
general vasodilatation. In perfusion experiments with isolated organs 
histamine behaves in exactly the opposite way, acting as a vaso-constrictor. 
Intact animals show severe bronchial constriction. The urinary bladder 
contracts upon the administration of histamine; this is due to stimulation by 
the drug of centers in the cord. A slow injection of histamine into a cat pro¬ 
duced convulsive inspirations which appeared to be efforts at vomiting. 
Dale and Laidlaw observed that there was an abnormal agglutination of the 
blood platelets; they found that there is a large loss of blood volume, it being 
held by various organs and capillaries. The blood increases in hemoglobin 
content and in viscosity. These investigators emphasize the similarity of the 
action of larger doses of histamine and traumatic shock, which is almost 
surely accompanied by reversible agglomeration.- 

In pointing out the likeness of histamine shock to anaphylactic shock 
Dale and Laidlaw say: ‘^All available evidence goes to show that the anaphy¬ 
lactic antibody is of the nature of a ^precipitin’ the interaction of which with 
the corresponding antigen results in a change in the state of dispersion of the 
colloidal particles. One of us has given reasons for beUeving that the occur¬ 
rence of this reaction actually in the plain muscle fibres of the guinea-pig is 
the exciting cause of the contraction of the plain muscle, which gives to the 
anaphylactic ^shock’ its characteristic type in that species. It is not incon¬ 
ceivable that a physical change of this type occurring in the endothelial cells 
would lead to relaxation of their tone and ultimately to abnormal permea¬ 
bility; indeed if the anaphylactic reaction, as exhibited in different tissues 
and species, depends always on the same type of interaction between antigen 
and antibody, this would almost of necessity follow. So that it is quite 
possible that the production by histamine, and by a whole group of other 
substances, of a complex including contraction of plain muscle with relaxation 
and permeability of capillaries, may depend on a common-type of physical 
change in protoplasm produced by all of them, the result of which receives 
different expression in terms of the physiology of different tissues.” 

Wells® also draws attention to the close resemblance of histamine shock 
to anaphylactic shock. Another item of interest is that histamine seems to 
have an additive effect on anaphylactic shock, which is what one would 
expect. Kopaczewski^ cites the work of Dale, among others, in support of 

» Dale and l^dlaw: J. Physiol., 41 , 318 (1910); 52 , 355; Dale and Richards: 110 (1919)- 

* Bancroft and Rutzler: J. Phys. Chem., 35 , 3036 (1931). 

3 '‘The Chemical Aspects of Immunity,” 209 (1925). 

< Alexander: "Colloid Chemistry,” 2, 976 (1928). 
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his theory that shock is due to protein flocculation. He also mentions the 
^ 4 nversion of the electric charge of the globulins^^ as being associated with 
shock. All of these things are explained by reversible agglomeration. 

The reaction of the isolated uterus to histamine^ follows the precepts of 
colloid chemistry, and corresponds to the different effects that Dale and 
Laidlaw found, depending on whether histamine was injected subcutaneously 
or intravenously into a rabbit. The rapid addition of histamine to an isolated 
uterus preparation is more effective than slow application. The question of 
its activity seems to be related mainly to its concentration. Many agglom¬ 
eration phenomena exliibit this same peculiarity. For in many cases it takes 
a good deal more of an agglomerating agent to coagulate a sol if the agent is 
added very slowly rather than all at once. So, here we have a striking resem¬ 
blance to a well known colloidal action. Sollmann^ says: ^The stimulation 
[by histamine] is most marked in the uterus; the bronchioles are also highly 
sensitive; the intestine, arteries and spleen are less susceptible (one part of 
histamine in 700 parts of water causes complete inhibition or paralysis of 
the isolated intestine of the rabbit);^ the bladder and iris do not respond.'^ 
Sollmann then plays into our hand with the statement that calcium salts, 
which are agglomerants for protein sols, intensify the action of histamine 
upon the intestine. Here we have the agglomeration caused by histamine 
increased by the agglomeration brought about by calcium salts which is 
directly in line with this theory. 

A difference between anaphylactic shock and the action of histamine is 
that the susceptibility of sensitized rabbits^ and guinea-pigs to foreign proteins 
is increased three to ten times by the subcutaneous injection of quinine. 
It has, however, no harmful effect on the course of the intoxication produced 
by histamine. This is the consequence of the manifold colloidal changes in 
anaphylactic shock; whereas, as had been pointed out,^ the colloidal changes 
accompanying histamine shock are probably simpler. 

The conclusion of Schenk, who says® that histamine probably acts through 
a paralysis of the sympathetic system, or by an effect upon the myoneural 
junction, falls more into line with the conception that we hold concerning 
the cause for the action of histamine. Likewise Heubner^ lists histamine 
as a capillary and nerve poison. There can be no doubt but that the sympa¬ 
thetic nervous system takes part in the shock caused by histamine, for 
Chauchard and Saradjichvili® found in experiments upon dogs that injec¬ 
tions of histamine gradually increased the chronaxie of the cardiac inhibitory 
fibers of the vago-sympathetic nerve. The chronaxie gradually returned to 

^ Oehme: Archiv exp. Path. Pharm., 72 , 76 (1913). 

2 ‘^A Manual of Pharmacology,'^ 362 (1917). 

* 01 ivecrona: J. Pharmacol., 17 , 141 (1921). 

* M. I. Smith: J. Immunol., 5 , 239 (1920). 

“Bancroft and Rutzler: J. Phys. Chem., 35 , 1185 (1931). 

“Archiv exp. Path. Pharm., 89 , 332 (1921). 

^ Archiv exp. Path. Pharm., 107 , 129 (1925). 

“Compt. rend. soc. biol., 99 , 53 (1928). 
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normal after the injections were stopped. the dose [of histamine] is exces¬ 
sive, the vago-sympathetic nerve becomes inexcitable and the animal soon 
dies.^' Bancroft and Richter^ have shown that reversible protein agglomer¬ 
ation causes a rise of the chronaxie which reaches a maximum when the pH 
of the medium in contact with the muscle-nerve preparation is very near 
the isoelectric point of the proteins involved. Likewise, Chauchard and 
Saradjichvili found that the chronaxie-time curve goes through a maximum 
after the injection of histamine. At first there does not appear to be any 
relation between these two sets of data; yet they are related in an important 
way. In the first case, the decrease of pH is proportional to the increase in 
the concentration of hydrogen ions. Further, more hydrogen ions are ad¬ 
sorbed as their concentration increases within limits, of course. In the second 
case, the experiment was performed in vivo^ and the histamine was injected 
intraperitoneally. This means that more and more histamine will find its 
way into the blood stream, up to a maximum concentration, with the passage 
of time; therefore, time is related to concentration in this case. So we have 
the two curves showing a maximum at the optimum concentrations, the 
maximum indicating reversible agglomeration. We do not make the assump¬ 
tion that the maximum chronaxie corresponds exactly to the maximum 
amount of histamine in the blood. 

Histamine causes a loss of water in Spirosteum teres,^ and the organism 
dies. The dead protozoon is much shrunken, and presents the appearance of 
having undergone heat coagulation. This demonstrates again the property 
of agglomerating protein sols that is possessed by histamine. In connection 
with this, it is well to call attention once more to the fact® that histamine 
dihydrochloride causes horse serum to agglomerate. Such facts as these 
pretty thoroughly establish histamine as an agglomerating agent for proteins. 

Experimental Study 

I. Swelling Experiments in vitro 

In order to study the colloidal effects produced by histamine upon the 
sympathetic nervous system, excisions were made of the superior cervical 
ganglia, which in bulk is the purest obtainable sympathetic nervous tissue, of 
rabbits. In dealing with sympathetic nerves there is the advantage that the 
situation is not complicated by the presence of lipoids; for the sympathetic 
nerves have no medullary sheaths.^ We shall see later how this is of advantage. 
Cocaine, which is classed as an agglomerating agent, paralyzes the superior 
cervical ganglia of rabbits.^ The agglomeration is reversible and responds 
to treatment as the theory demands, for some of the irritability is restored 
by washing the ganglia with physiological salt solution. 

1 Proc. Nat. Acad. Sci., 17 , 310 (1931)- 

* Hopkins: Am. J. Physiol., 61 , 551 (1922). 

* Bancroft and Rutzler: J. Phys. Chem., 35 , 1185 (1931). 

^ Burton-Opitz: ‘^Elementary Manual of Physiology,” loi (1922). 

® Dixon and Premankin De: J. Pharm. Exp. Ther., 31 , 415 (1927)• 
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When gelatin swells it adsorbs water and increases in weight; were salts 
also adsorbed they would augment the increase in weight. Many proteins 
behave the same way. Peptization accompanies such an increase in weight, 
and agglomeration is indicated by a decrease in weight. So, if a ganglion 
increases in weight when immersed in one solution and decreases in weight 
in an equimolar solution of another compound, peptization can be assumed 
to have taken place in the first case, and agglomeration in the second case. 

The superior cervical ganglia of a good-sized rabbit were removed,^ after 
first pithing and bleeding the animal. The ganglia were removed as rapidly 
as possible after the animal was bled, and placed in a 15 cc. weighing bottle 
containing Ringer^s solution. Because these ganglia are so small (weighing 
between 14 and 56 milligrams) a micro-balance was used; the weighings were 
made in a small tightly-stoppered weighing-bottle. The experimental method 
employed was to transfer the ganglion from the Ringer’s solution to the 
weighing-bottle by means of metallic forceps with fine ends; the ganglion 
was touched four or five times to the side of the bottle containing the solution, 
at a point above the surface of the liquid. This procedure was repeated when 
the ganglion was removed from the bottle in which it was weighed. This 
took off most of the adhering liquid so that the true weight of the ganglion 
could be estimated quite accurately. Therefore, the weight of the weighing 
bottle and the ganglion minus the weight of the weighing bottle and some 
adhering liquid (^^drip”) is equal to the weight of the ganglion. The ganglion 
was immersed in a 0.0604 molar solution of histamine dihydrochloride or 
sodium rhodanate depending upon which one was being studied. After a 
given period of time the ganglion was removed from the solution and weighed 
in the manner described above. From the data obtained, the percentage 
change in weight was calculated. The ganglion was returned to the solution 
for a time and the process repeated. 

The data obtained from the first experiment, which was made on two 
ganglia, one being placed in 0.0604 histamine dihydrochloride solution and 
the other in 0.0604 molar sodium rhodanate solution. It was evident from 
the change in size of these two ganglia during the experiment that the one in 
the sodium rhodanate solution had swelled, and the one in the histamine 
solution had decreased in size. The data are given in Table I, and are plotted 
graphically in Fig. i, curves i and 4. The same experiment was performed 
on another sample from a different rabbit. The data obtained are given in 
Table II, and are plotted graphically in Fig. 2. 

The experiment was repeated again with a change in the procedure; this 
time the ganglion was placed in 0.0604 molar sodium rhodanate after it had 
been in an equimolar solution of histamine dihydrochloride for five hours. 
The data obtained from this experiment are recorded in Table III, and are 
plotted graphically in Fig. i, curves 2 and 3. 

^ The authors wish to thank J. W. Pa^z, M.D., Assistant Professor of Anatomy at 
Cornell University, his assistants, and H. L. Rutzler for their advice and help with this 
part of the work. 
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Fig. 1 

Curve I. Ganglion in 0.0604 M Sodium Rhodanate 
Curve 2. Ganglion in 0.0604 M Sodium Rhodanate 
Curve Ganglion in 0.0604 M Histamine Dihydrochloride 
Curve 4. Ganglion in 0.0604 M Histamine Dihydrochloride 



Time 

Weight 
Bottle 4 * 
Ganglion 
m 

Table I 

Weight 
Bottle 
-f Drip in 

Weight 

Ganglion 

in 

Inciease 
in Weight 
in 

Increase in 
weight 

Compound 

in 

Milli¬ 

Milli¬ 

Milli¬ 

Milli¬ 



Hours 

grams 

grams 

grams 

grams 


0.0604 Molar 

Histamine Di- 

hydrochloride 

0 

34 620 

6.089 

28.532 

0 

0 


2 

39-995 

13-655 

26.340 

2.192 

- 7-69 

yy 

5 

46.580 

17-483 

29.097 

0-565 

1-95 

yy 

7 

44.112 

20.083 

24.029 

4-503 

—15.80 

0.0604 Molar 

NaCNS 

0 

19.106 

4.809 

14.297 

0 

0 

yy 


34-934 

16.300 

18.634 

4-337 

3032 

yy 

5 

37.264 

18.030 

19-234 

4-937 

34-55 

yy 

7 

38 - 580 

19.220 

19.360 

5-063 

35-50 

Upon examining Fig. 

I, we find that the ganglia underwent an increasing 


positive change in weight with the passage of time, when immersed in the 
sodium rhodanate solution. This means that they increased in weight,' 
which in turn signifies peptization of the protein colloids in the ganglia. This 
result fnllw in line with the fact that most of the natural proteins are peptized 
by the rhodanate ion. Curves 3 and 4 of Fig. i show that the ganglia immersed 
in the histamine solution underwent an increasing negative change in weight 
with the passage of time. This means that they lost weight, showing that 
the protein sols were agglomerated. Curve 3 tells us that the agglomeration 
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Table II 




Weight 

Weight 

Weight Increase 


Compound 

Time 

in 

Drip -f 
Ganghon in 

Drip in 
Milli¬ 

Ganglion in Weight 
in Milli- in Milli¬ 

% 

Increase in 

Hours 

Milligrams 

grams 

grams grams 

Weight 

0.0604 Molar 






NaCNS 

0 

62.681 

6.212 

56 . 469 0 

0 

j) 

2 % 

71.136 

4.212 

66.924 10.455 

18.52 

ty 

5 

75-301 

6.595 

68.706 12.237 

21.72 

yy 

10 

81.04s 

13-231 

67.814 11.345 

20.10 

0 .0604 Molar 
Histamine Di¬ 
hydrochloride 

0 

31-485 

2.897 

28.588 0 

0 

yy 


35-982 

5.168 

30.39s 1.807 

7-7 

yy 

4 H 

30.028 

2.685 

27-343 -1-245 

-4.36 

yy 

7 H 

33-665 

4 436 

29.229 0.641 

2.24 

yy 

II 

31-361 

3-238 

28.123 —0.465 

—1.63 


Table III 



Weight 

Weight 

Weight 

Increase 

% 


Compound 

drip + 
Ganglion in 

Drip in 
Milli¬ 

Gandion 
in Milli¬ 

in Weight 
in Milli¬ 

Increase 

in 

Time 

in 

Milhgrams 

grams 

grams 

grams 

Weight 

Hours 

0.0604 Molar 
Histamine Di¬ 
hydrochloride 

17.099 

1-425 

15.674 

0 

0 

0 

yy 

18.266 

3-709 

14.557 

—1.117 

~ 7.13 


yy 

15-633 

1.613 

14.020 

—1-654 

—10.55 

5-0 

Same sample put 
in 0.0604 Molar 






NaCNS 

0.0604 Molar 

16.081 

1-498 

14-583 

—I.091 

— 7.02 

yVa 

NaCNS 

22.091 

3.655 

18.436 

0 

0 

0 

yy 

23.786 

3-375 

20.411 

1.975 

10.7 

2^ 

yy 

26.572 

4.118 

22.454 

4.018 

21.8 

8 


brought about by histamine is reversible; for upon immersion of the gangHon 
in the solution of sodium rhodanate it gained weight as the theory says it 
should. 

Thus, eliminating the possible sources of error presented by experimenta¬ 
tion upon the intact animal, and dealing directly with one of the parts affected 
in histamine shock, the conclusion that this drug acts by agglomerating 
reversibly protein colloids of the sympathetic nervous system, becomes even 
more inevitable. But, in Fig. 2, while sodium rhodanate peptizes one of the 
ganglia of a rabbit, the agglomerating action of histamine is not very evident. 
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This is due to an interesting experimental error. In order to facilitate the 
explanation of the effects shown in Fig. 2 it is desirable first to introduce 
further data. 

A rabbit was pithed and its cerebral cortex carefully removed. The 
blood vessels and dura were stripped from the surface of the sample, taking 
care to keep it wet with Ringer^s solution all of the time. The specimen was 
cut into equal parts, the weight of which were sufficient for them to be weighed 
accurately on the ordinary analytical balance, which was used in this case. 
Swelling experiments then were performed on two of the sections using the 



Fig. 2 

Curve I. Ganglion in 0.0604 M Sodium Rhodanate 
Curve 2. Ganglion in 0.0604 M Histamine Dihydrochloride 

method described for histamine and sodium rhodanate. The solutions used 
were a o. 0604 molar sodium rhodanate solution and a saturated solution of 
chloroform in water at 25®. The data obtained are presented in Table IV, 
and are plotted graphically in Fig. 3. 

Table IV 



Time 

Weight 

Bottle 

Weight 
Bottle 4 - 

Weight 

Brain 

Increase 

Increase 

Compound 

in 

Brain in 

Drip in 

in 

in Weight 

in 

Hours 

Grams 

Grams 

Grams 

in Grams 

Weight 

0.0604 Molar 

NaCNS 

0 

22.4608 

21.4701 

0.9907 

0 

0 

yt 

sH 

22.7864 

21.5351 

1-2513 

0.2606 

26.3 

yy 

6 

22.9637 

21.5272 

1-4365 

0.4458 

45-0 

yy 

SH 

23.0508 

21.4915 

1 - 5593 

0.5686 

57-4 

yy 

30 

23 . 8500 

21.6180 

2.2320 

1.2413 

125-5 

Saturated CHCU 

Solution 

0 

16.9694 

16.081I 

0.8883 

0 

0 

yy 


17.4263 

16.2780 

1 - 1483 

0.2600 

29-3 

yy 

5 

17 5743 

16.1976 

1-3767 

0.4884 

55-0 

yy 

SH 

17.7244 

16.2829 

1-4415 

0.5532 

62.3 

yy 

29J4 

17.9800 

16.4200 

1.5600 

0.6717 

75-6 
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The curves show that the cerebral cortex increases in weight both in a 
chloroform solution and in a sodium rhodanate solution. But, there cannot 
be peptization in both cases because chloroform is an agglomerating agent 
for protein sols. On the other hand, chloroform dissolves in lipoids, in which 
the cerebrum is rich. The specimen then is capable of taking up chloroform 
by a pure solvent action which accounts for the increase in weight upon im¬ 
mersion in a chloroform solution. The fat cannot dissolve a significant 
quantity of sodium rhodanate. Therefore, curve i of Fig. 3 shows that 
sodium rhodanate causes the proteins of the cerebral cortex to increase in 



TtMC /V 


Fig. 3 

Curve I. Cerebral^Cortex in 0.0604 M Sodium Rhodanate 
Curve 2. Cerebral Cortex in Saturated Chloroform Solution 

degree of dispersion. That the effect is not due to the peptization of the 
lipoids is shown by the fact that a lecithin sol in distilled water is coagulated 
by sodium rhodanate. The general morphology of the two sections toward 
the end of the experiment bears out the conclusion that sodium rhodanate 
acted as a peptizing agent and chloroform merely dissolved in the fatty 
material. At the end of eight hours the section that had been in sodium 
rhodanate was much softer than at the start of the experiment; in fact it was 
jelly-like. The section that had been immersed in chloroform solution broke 
up into several large pieces, but was as firm as it was in the beginning. At 
another time we had occasion to immerse the whole cerebrum of a rabbit 
in water saturated with chloroform. At the end of 24 hours it had wrinkled 
up, was very hard to the touch, and had lost 9% in weight. The longer 
time of immersion in this case clearly brings out the coagulating effect of the 
chloroform. This thoroughly establishes the point in question. 

The bearing of the above discussion on the swelling curve in Fig. 2 for 
histamine on a ganglion from the cervical region should be apparent imme¬ 
diately—after citing two more facts about the specimen used. This ganglion 
weighed twice as much as any of the superior cervical ganglia that were 
used; further, the operator states that the ganglion was either a sensory 
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ganglion from the cervical region or a superior cervical ganglion which 
included fatty material, due to faulty excision technique. In either case the 
increase in weight that the ganglion underwent in the histamine solution 
can be regarded safely as due to the dissolving of histamine in fatty material. 
The general shape of the curve indicates that after dissolving in the fatty 
material, the histamine began to agglomerate the protein colloids, for the final 
value shows that the gangUon lost weight. It is certain that this ganglion 
was not a pure specimen of sympathetic nervous tissue; which in turn suggests 
strongly that pursuing a line of attack such as this, one should be able to 
work out a qualitative method, based on colloid chemistry, for the differen¬ 
tiation of nervous tissues. 

Since ephedrine is a very good peptizing agent for protein sols,^ it should 
follow that ephedrine is useful in disturbances brought about by histamine 
and related drugs. Chen^ reports that the fall in blood pressure in anesthe¬ 
tized dogs, brought about by histamine, peptone, and anaphylactic shock, 
is stopped, and the pressure raised, by the administration of ephedrine. 
Adrenaline exerts a similar action.* A i % solution of ephedrine hydro¬ 
chloride arrests the heart in perfusion experiments; this arrest can be com¬ 
bated by two coagulating agents,^ histamine and salts of calcium. This is, 
of course, a case of reversible peptization. As we have seen, peptone shock 
is very similar to histamine shock. Ephedrine quickly relieves the bronchial 
spasm brought about by injecting peptone.* It is quite possible that the 
bronchodilator action of ephedrine* is due to the ‘^stimulation’^ of sympa¬ 
thetic nerves, which are inhibitory to this muscle. Ephedrine and ergotoxine 
being peptizing agent and agglomerating agent respectively [the action of 
ergotoxine is much like that of histamine] should exert opposite effects. 
NageP found that the pressor (increase of blood pressure) action of ephedrine 
is reduced by ergotoxine, and (^urtis* succeeded in preventing it entirely. 

In histamine poisoning the bronchioles are strongly constricted as a 
result of peripheral stimulation so that the lungs bloat as in anaphylaxis.^ 
Another protein-agglomerating agent, barium chloride, causes profound 
constriction of the pulmonary artery^* following perfusion with a i/iooo 
solution. 

2. Skin Reactions 

This brings us to a study of the skin reactions produced by histamine and 
giant-ragweed pollen; it will be shown that in this case also sodium rhodanate 

^ Bancroft and Rutzler: J. Phys. Chem., 35 , 3036 (1931). 

* J. Pharmacol., 26 , 83 (1925). 

* Niculescu: Chem. Abs., 8, 2745 (1914). 

*Chen and Schmidt: ‘'Ephedrine and Related Substances,” 24 (1930). 

* Kreitmair: Klin. Wochenschr., 5 , 2403 (1926). 

® Chen and Schmidt: "Ephedrine and Related Substances,” 40 (1930). 

’ Archiv exp. Path. Pharm., 110 , 129 (1925). 

** J. Pharm. Exp. Ther., 34 , 37 (1928). 

® Sollmann: "Manual of Pharmacology,” 362 (1917). 

Baehr and Pick; Archiv exp. Path. Pharm., 74 , 41 (1913)* 
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and ephedrine oppose the action of histamine. First, it is of interest to note 
that there is a rich supply of sympathetic vaso-constrictor nerves present in 
the arterioles of the skin.^ Histamine exerts a local dilator effect^ upon capil¬ 
laries and upon the smallest arterioles and venules which border on the capil¬ 
lary system; there occurs also an opening up of a large number of capillaries 
of which no trace can be seen before the application of histamine. According 
to Wallace and Fellini® a widening, or paralysis, of the capillaries is produced 
by histamine; no visible structural change accompanies this process. Carrier^ 
reports that adrenaline produces contraction of both arterioles and capillaries, 
while solutions of histamine from one part in looo up to one part in 10,000 
produce dilation of the capillaries with hastening of the blood stream. 
Urethane, an anesthetic, dilates both capillaries and arterioles. Heubner® 
classifies histamine as a capillary and nerve poison, arsenic as a capillary 
and cell poison, and caffeine as a vessel poison. All three of these are active 
dilators of skin vessels; and from the point of view of this theory all are 
agglomerating agents for protein sols. The interesting thing here is that 
according to Sollmann and Pilcher,® ‘‘a comparison of the substances that 
do and do not produce urticaria shows that this is not related to vasocon¬ 
striction or vasodilation, or capillary paralysis; nor to acidosis; nor to various 
forms of inflammatory or sensory initation; nor to osmosis.” That does not 
leave much but reversible agglomeration. 

When histamine is applied to the scarified skin or to mucous membranes, 
it causes marked local urticaria which closely resembles that of skin reactions 
in persons sensitized to a foreign protein.^ Sollmann and Pilcher® report 
several interesting things resulting from their study of skin reactions. The 
skin reaction to Witte’s peptone as one would expect, is similar to that pro¬ 
duced by histamine. Adrenaline when applied to scarification histamine 
wheals, antagonizes the histamine action; but the swelling does not undergo 
any noticeable change. On the contrary, the wheals produced by morphine 
were not antagonized to any extent by the application of adrenaline; it does 
not seem to make any difference whether the adrenaline is applied before or 
after the morphine. Calcium chloride, an agglomerating agent for protein 
sols, when applied to the scarified skin produces a reaction like histamine in 
respect both to the wheal and urticaria. “The production of urticaria by 
calcium is rather surprising in view of the employment of calcium therapy 
for the prevention of urticaria, for instance, after serum injection. However, 
the concentration and method of application are quite dissimilar in the two 
conditions.” When the concentrations are properly adjusted, and using the 

‘ Dale and Richards: J. Physiol., 52 , 110 (1918-19). 

*Rich: J. Exper. Med., 33 , 287 (1921). 

’Arch. Int. Med., 28 , 711 (1921). 

’Am. J. Physiol., 61 , 528 (1922). 

’ Archiv exp. Path. Pharm., 107 , 129 (1925). 

* J. Pharm. Exp. Ther., 9 , 309 (1917). 

Wells: ^'Chemical Aspects of Immunity,” 209 (1925). 

• J. Pharm. Exp. Ther., 9 , 309 (1917). 
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mucuna method for producing the reaction, morphine hydrochloride and 
histamine give almost identical skin reactions. Likewise, using this method, 
cocaine produced a number of small wheals. Lactic acid produces a fair 
wheal; but N/io hydrochloric acid does not. There are no data given from 
which to figure whether or not the concentrations of lactic acid and hydro¬ 
chloric acid were comparable; the hydrogen ion is an agglomerating agent for 
normal negative protein sols. The authors say that, ‘'none of the reactions 
in man or in animals was modified in any way by the administration of iodides.^^ 
Here again there are no data given, so one cannot judge whether or not the 
iodides, when administered, are capable of modifying the reactions; all that 
we know is that an unspecified dosage did not exert any effect. 

If the skin reaction produced by histamine is connected with reversible 
protein agglomeration it is only reasonable to expect that sodium rhodanate 
will alleviate the condition when properly applied. Accordingly the skin on 
the right forearm of a volunteer^ was carefully broken by means of a hypo¬ 
dermic needle. A couple of drops of a solution, of histamine dihydrochloride, 
containing 30 mg. per 100 cc. of distilled water, were applied carefully to the 
scratch. In about ten minutes a good sized wheal formed on th^ arm directly 
under the scratch; the irritation was accompanied by itching. A distinct area 
of redness (urticaria, or erythrema) soon appeared around the wheal. A 10% 
solution of sodium rhodanate was applied to the affected area 15 to 20 minutes 
after the application of the histamine. This resulted in a slight diminution of 
the reaction. 

Another scratch was made below the first; to this was applied a couple of 
drops of the 10% solution of the sodium rhodanate, which caused a stinging 
sensation. When the arm was again dry, the scratch was found to have 
closed over almost entirely. It was opened up a little, and the histamine 
solution applied. It took abqut twice as long for the wheal to appear as it 
did in the first experiment. The edema was not quite so marked and the 
wheal was not as darkly colored as the first one; The erythrema was not as 
marked; and there was no itching. 

These experiments were repeated twice in order to obtain a quantitative 
measure of the antagonistic action of sodium rhodanate toward histamine. 
Since quite a few scratches were made in this study a tabulation of the treat¬ 
ment received by each scratch will facilitate the description of the reaction, 
for the individual scratches can then be referred to by number. Table V 
contains these data. By using a magnifying glass it was found to be possible 
to break the skin by means of the hypodermic needle to approximately an 
equal depth in each case. The solutions were applied as before, a couple of 
drops usually being used. The histamine dihydrochloridie solution contained 
15 mg. per 100 cc. A10% solution of sodium rhodanate was used. Dr. Denniston 
performed these experiments on the jimior author. In each case when a 
solution was applied it was allowed to dry before any other solution was 
placed on the scratch. 

^ The authors wish to thank H. P. Denniston, M.D., of Ithaca, who performed these 
experiments upon H. L. Rutzler. 
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Table V 


Scratch Scratch 

Number Treatment Number Treatment 


1 Control 

2 Sodium rhodanate solution fol¬ 
lowed by histamine solution after 
5 minutes 

3 Ringer^s solution followed by his¬ 
tamine solution after $ minutes. 

4 Control 

5 Histamine solution applied at the 
same time that it was apphed to 
2 and 3. 


6 Ringer’s solution followed by 
histamine solution. 

7 Sodium rhodanate solution fol¬ 
lowed by histamine solution. 

8 Control 

9 Control 

10 Histamine solution alone. 

11 Histamine solution alone. 


The controls, scratches number, i, 4, 8, 9 did not form wheals, and the 
erythrema was negligible. Two minutes after the histamine solution was 
applied to scratch number 5 there was a perceptible reaction; while scratch 
number 2 showed no reaction until four minutes had elapsed. Ten minutes 
after the application of the histamine the relative reactions were: number 5, 
+ + + + ; number 2, + + ; number 3, +. After 24 minutes the reactions of 
scratches number 2 and 3 had dwindled to nothing; while scratch number 5 
showed a +++ reaction. There was stiU swelling and redness in the case of 
the scratch (number 5) to which histamine alone was applied, after 55 minutes. 
Check experiments were run almost simultaneously on the right arm. The 
reactions in scratches number 6, 7, and 10 were carried out at the same time. 
Due to faulty technique scratch number 5 was extremely shallow; therefore, 
scratch number ii was made and histamine applied to it 6 minutes later. 
As before scratches number 10 and ii itched whereas this was not noticed 
when the scratches were pre-treated. Twenty-two minutes after the applica¬ 
tion of the histamine the relative reactions were: number 10, + + + + ; 
number ii, + + + + ; number 7, + + ; number 6,-1-+. After 34 minutes 
the wheals and erythrema in scratches number 6 and 7 had practically dis¬ 
appeared, while scratch number ii was still very swollen, number 10 was 
next in intensity. After 44 minutes the reactions in scratches number 6 and 7 
had disappeared; while there were still active reactions in the cases of scratches 
numbers 10 and ii. The scratch treated with histamine alone, number ii, 
still itched a little bit at this time. The reaction in scratches number 10 and 
II persisted at least one hour four minutes, while the reaction in scratch 
number 5 persisted for at least two hours twenty-three minutes. 

As these data show, there can be no question that sodium rhodanate and 
Ringer’s solution definitely localize and reduce the skin reaction produced by 
histamine dihydrochloride. 

Next, it seemed advisable to check up on the action of sodium rhodanate 
against the skin reaction produced by hay-fever pollens. Dr. B. F. Hauenstein, 
Tompkins County Pathologist, kindly performed the rest of the experiments 
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reported upon the junior author. The patient was found to have a ++++ 
skin reaction to giant-ragweed-pollen extract; likewise there was re¬ 

action to ragweed-pollen extract. 

The upper part of both arms was washed with soap and cleaned with 
alcohol followed by ether. Two scratches were made about two inches apart 
and a io% solution or sodium rhodanate allowed to soak into each for a^ut 
10 minutes. The excess solution was rubbed off and giant-ragweed extract 
was rubbed into the top scratch. Into the second scratch, which was used as 
a control, orchard-grass extract was rubbed. Third and fourth scratches 
were then made. Giant-ragweed extract was rubbed into the third scratch; 
the fourth scratch was treated in the same way with orchard-grass extract. 
Both controls (orchard-grass extract) formed wheals, the reactions being 
identical to all intents and purposes. Despite the wheals, the orchard-grass 
extract reactions were considered to be negative. 

The skin reaction to the giant-ragweed extract on the untreated scratch 
was again the wheal being somewhat lai^er than the one formed 

when the sensitivity test was made. The striking thing is that the scratch 
which was pre-treated with the io% solution of sodium rhodanate showed 
only a -f -|- reaction to the giant ragweed extract. The reaction in this case 
was then only one-half as great as that which occurred when sodium rhodanate 
was not used. 

It was found that a daily dose of one gram of sodium rhodanate taken by 
mouth for 3 successive days did not cut down the skin reaction to giant-rag¬ 
weed extract. The possible cause for this situation is that not enough sodium 
rhodanate was in the system of the patient. 

The following solutions were used in the experiments about to be reported; 
A solution of histamine dihydrochloride containing 30 mg. per 100 cc., a 10% 
solution of sodium rhodanate, and a 10% solution of ephedrine sulphate. 
On the day that these experiments were performed the patient was slightly 
refractive to the giant-ragweed extract; no reason for this could be conjured up. 

After cleaning the arm as previously described, three scratches of equal 
depth were made. A little of the io% ephedrine sulphate solution was 
applied to the first scratch. When the area had dried the giant-ragweed- 
pollcn extract was applied. Solid sodium rhodanate was mixed with a little 
of the pollen extract, and this system applied to the second scratch. The pollen 
extract alone was applied to the third scratch. The three reactions were 
compared from time to time. The first thing which was noticed was that the 
ephedrine and sodium rhodanate delayed markedly the onset of the reaction 
However, when the reaction finally took place the erythrema was more pro¬ 
nounced in these two cases than in the blank; this was manifested by the 
presence of a more intense red coloration. Larger wheals formed in the cases 
where ephedrine and sodium rhodanate were used than in the control, that is, 
the reaction produced by the pollen extract alone. Furthermore, the reaction 
produced by the pollen extract alone subsided quite a few minutes before the 
other two reactions. 
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Thus it has been shown that sodium rhodanate behaves in the same way 
that it does in anaphylaxis;^ it both synergizes and antagonizes the reaction 
depending upon whether it is applied before, simultaneously with, or after 
the application of the reacting substance. These data tell us that ephedrine 
when previously applied to the site of the reaction synergizes the action of 
the pollen extract. Since ephedrine is a peptizing agent for protein sols, it 
should, like sodium rhodanate, antagonize the reaction of the pollen extract 
when applied beforehand. It has in fact been demonstrated^ that the internal 
use of ephedrine can prevent skin reactions. This must mean that in the 
experiment reported above the ephedrine in the scratch was not absorbed 
entirely before the pollen extract was applied. The reaction then would 
appear to be like what one would expect from a mixture of ephedrine and the 
pollen extract. 

The next experiment that was performed lends credence to this point of 
view. A mixture of the giant-ragweed-pollen extract and solid ephedrine 
sulphate was applied to a scratch on the arm made as before. The reaction 
to the mixture was slightly more intense than the reaction produced when 
ephedrine was applied first and the pollen extract afterwards. Also, the reac¬ 
tion took place rather more rapidly than before. So, it requires no stretch 
of the imagination to see that ephedrine acts substantially the same as sodium 
rhodanate in these skin reactions. • 

To complete the picture, ephedrine, applied locally, should stop the skin 
reaction produced by histamine. Since histamine dihydrochloride is in true 
solution the complicating factor of the slow absorption of ephedrine in the 
scratch and the consequent adsorption by the pollen colloids should not enter. 
Two scratches were made on the left arm, after properly cleaning it. The 
ephedrine sulphate solution was applied to one of the scratches. When this 
had dried, histamine solution was appUed to both scratches. The histamine 
produced a strong reaction in the case of the untreated scratch; while the 
scratch that was pre-treated with ephedrine showed hardly any reaction at all. 
The great difference between these two reactions indicates that ephedrine is 
somewhat better than sodium rhodanate in its power to counteract the skin 
disturbance brought about by histamine. That this should be the case was 
not altogether unexpected in view of the fact that ephedrine sulphate is a 
better peptizing agent for albumin sols than is sodium rhodanate. 

If we are not dealing with reversible agglomeration in these skin reactions, 
it is difficult to see why sodium rhodanate and ephedrine should behave ex¬ 
actly as the theory predicts in counteracting the skin reactions to histamine 
and to giant-ragweed-pollen extract. It should be borne in mind that these 
two compounds, sodium rhodanate and ephedrine, nullify the action of his¬ 
tamine when that poison is injected into the animal organism; yet sodium 
rhodanate tends to lower the blood pressure, and ephedrine to raise the blood 
pressure. This rules out blood pressure change as the cause of the antagonisms. 

* Bancroft and Rutzler: J. Phys. Chem., 35 , 1185 (1931). 

*Chen and Schmidt; *‘Ephedrine and Related Substances,” 66 {1930). 
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Physiological, clinical, pharmacological, and colloid chemical methods all 
combine to support generously the conclusion that the action of histamine is 
to agglomerate reversibly the protein colloids of the sympathetic nervous 
system. Then, when the adsorptive capacity of the sympathetic nervous 
system for histamine is not very great, the central nervous system becomes 
affected, reversible agglomeration of certain of the protein colloids taking 
place; the result, then, is anesthesia. It does not seem to be necessary to 
secure any further proof that histamine acts physiologically by agglomerating 
protein colloids reversibly. 

When circumstantial evidence is supported by direct evidence, conviction 
is generally inescapable. 

The general conclusions of this paper are: 

1. Histamine, a poison for the sympathetic nervous system, may act 
upon the central nervous system producing anesthesia. This is also due to 
reversible agglomeration of protein colloids. 

2. Anesthetics antagonize histamine in herbivora, and synergize it in 
carnivora. 

3. The isolated uterus does not respond well to histamine when that 
compound is added slowly to the preparation. This falls into line with the 
general principle that it requires much more of a compound to coagulate a 
sol when the compound is added slowly. 

4. There is a strong resemblance between histamine shock and traumatic 
shock. Traumatic shock is almost surely accompanied by protein agglom¬ 
eration. 

5. C'hronaxie experiments are cited which show that the vago-sympa- 
thetic nerve passes through a maximum chronaxie with the passage of time 
after the injection of histamine. It is shown that reversible agglomeration is 
responsible for this maximum chronaxie. 

6. Histamine coagulates horse serum and Spirosteuni teresy as it should. 

7. Swelling experiments show that the superior cervical ganglia (sympa¬ 
thetic nervous tissue) of rabbits are peptized by sodium rhodanate and ag¬ 
glomerated by histamine dihydrochloride. 

8. The agglomeration of the protein colloids of the superior cervical 
ganglia of rabbits by histamine has been shown to be reversible. 

9. The agglomeration of the colloids of the superior cervical ganglia by 
histamine is not immediately apparent when there is fatty matter present. 

10. Analogy to the swelling of the cerebral cortex of the rabbit by chloro¬ 
form and sodium rhodanate suggests that in the above case the weight of the 
ganglion is increased by the solution of histamine in the fatty matter. 

11. Chloroform, dissolving in the lipoids present in the cerebral cortex, 
causes an increase in weight which is definitely not due to the peptization of 
the proteins. 

12. Sodium rhodanate causes true peptization of the protein colloids of 
the cerebral cortex. 
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13. These data suggest that it may be possible to differentiate animal 
tissues by swelling experiments with the proper peptizing and agglomerating 
agents. 

14. Cocaine, an agglomerating agent, causes reversible agglomeration of 
the superior cervical ganglia as shown by the fact that it paralyzes them, and 
the irritability is restored by washing with sodium chloride solution. 

15. In vivo both ephedrine and sodium rhodanate antagonize histamine, 
as one would expect from the fact that they are both good peptizing agents 
for proteins. 

16. The skin reactions to histamine and giant-ragweed-pollen extract 
are stopped by pre-treatment with sodium rhodanate. 

17. Ephedrine likewise counteracts the skin reaction to histamine. The 
peptizing agent is so slowly absorbed by the skin that it gets mixed with the 
pollen extract and s3mergizes it. 

18. Ephedrine, taken internally, reduces the skin sensitivity tests. 

19. When sodium rhodanate is mixed with giant-ragweed-pollen extract 
it synergizes the skin reaction. This is analogous to the action of sodium 
rhodanate in anaphylaxis; when it is administered before the antigen it pro¬ 
tects the rabbit from shock. But, when it is mixed with the antigen the shock 
is very much greater. 

20. Sodium rhodanate stops the itching in the skin reaction to histamine. 

21. Reversible agglomeration of protein colloids is probably responsible 
for the skin reactions, since histamine, calcium chloride, lactic acid, and mor¬ 
phine, all agglomerating agents, cause skin reactions. 

22. All of these proofs point clearly toward reversible agglomeration of 
protein sols as the mode of action of histamine in the animal organism. 

ComeU University. 



CHEMICAL ACTION IN THE GLOW DISCHARGE. VIII 
THE EFFECT OF THE CATHODE MATERIAL 


The various reactions discussed in the previous article of this series^ have 
been studied in discharge tubes fitted with aluminum electrodes although 
iron was substituted in a few instances. Since the method employed in cal¬ 
culating M/N involves the cathode fall of potential, it seemed advisable to 
determine the effect of this potential on the reactivity. 

According to the present theories of the glow discharge, electrons ejected 
from the cathode are accelerated by the potential gradient through the 
Crookes dark space, so that upon entering the negative glow they have ener¬ 
gies corresponding to the cathode fall of pontential. 

The normal cathode fall of potential is obtained in the discharge when the 
voltage drop is independent of the gas pressure and the current passing. 
It is dependent, however, on the nature of the gas and on the work function 
of the surface. The abnormal cathode fall of potential varies with both the 
gas pressure and the current; it is found only when the surface is completely 
covered with the glow. As an approximation the normal cathode fall of 
potential is about loo times the work function of the surface expressed in 
volts. 

The number of ions formed by an electron is very nearly a direct function 
of its velocity for the range of voltages found in the discharge. Thus, all 
other things being equal, the rate of ion production and hence the rate of 
chemical action in the discharge, should be proportional to the normal 
cathode fall of potential. The object of the present research was to determine 
if this relationship held between normal cathode fall and rate of reaction, 
as well as to gain some idea as to what other factors influenced the reactivity. 

The effect of changing the cathode material on the rate of reaction in¬ 
volves several complications. The surface often tends to become oxidized or 
reduced in the discharge. This not only changes the normal cathode fall but 
it changes the gas mixture in which the reaction is being studied. In certain 
reactions studied the cathode surface became covered with some product of 
the reaction, the accumulation of which materially changed the work func¬ 
tion. Catalytic reactions on the surface of the cathode often take place along 
with the regular discharge reaction due to the fact that the electrodes always 
become heated in the discharge. And finally some cathode materials sputter 
badly; it is for this reason that aluminum is almost universally used for 
cathodes. 

* Fertilizer and Fixed Nitrogen Investigations, Bureau of Chemistry and Soils, Wash¬ 
ington, D. C. 

‘ J. Phys. Chem., 33 ,883 (1929); 34 , 153, 554, 1280, 2343 (i930>: 35 . 1281, 1293 (1931)- 
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Apparatus and Method 

The discharge tube was similar to that used in the previous experiments, 
and is illustrated in Fig. i of paper II.^ The method of procedure was identi¬ 
cal to that described in the articles of this series. 

The electrode separation was of the order of i cm., so that the total po¬ 
tential drop across the tube was equal to the 3um of the cathode and anode 
fall of potential. The total potential drop across the discharge tube was 
taken as the cathode fall of potential, without correcting for the anode fall of 
potential, since it is small compared to that of the cathode. The minimum 
potential drop across the discharge tube was used for the normal cathode 
fall of potential. 

Results 

The results obtained with the different electrode materials showed that 
invariably the rate of reaction and voltage shifted for each metal during the 
course of several runs; every cathode appeared to undergo a ‘'working-in^^ 
process after which it became fairly constant. While two different cathodes 
of the same material never gave exactly the same voltage and rates, they 
checked each other as closely as is ever found in phenomena involving the 
work function. In the figures the values marked i are for the original ma¬ 
chined surface, while 2 is the final almost steady state value. 

The normal cathode fall of potential in most instances can be located to 
within 10 volts. Since the time-pressure curves from which the rates were 
calculated were all straight lines, the experimental error in the number of 
molecules formed per electron is never more than a few percent. 

The values obtained in the synthesis of ammonia are illustrated in Fig. i, 
where the normal cathode fall of potential for the different metals is plotted 
against the rate as expressed by the number of ammonia molecules syn¬ 
thesized per electron of current in the outer circuit. 

The cathoae materials listed are of a widely varying nature and are af¬ 
fected differently by the nitrogen and hydrogen. The calcium, aluminum and 
magnesium are normally covered with an oxide coating which is not reduced 
by hydrogen; the same is true for any oxide that may be on the tungsten or 
antimony. Again, there is the possibility of nitride formation on several of 
the metals. Magnesium, calcium, and aluminum definitely form nitrides; 
also a film of nitride may form on tungsten and possibly on iron and nickel. 

The line drawn through the points represents a proportionality between 
normal cathode fall of potential and rate. While this line is for a weighted 
average of the points, the scattering is quite wide in some instances. For 
example, platinum, antimony, zinc, and tungsten lie outside the range of the 
normal scattering to be expected from surface fluctuations or experimental 
error. 

The cathode potential-rate curve obtained for the synthesis of water is 
illustrated in Fig. 2. 
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The line drawn through the point again represents a proportionality 
between voltage and rate. It will be seen that the observed points follow the 
line somewhat more closely than in Fig. i. 

Unfortunately, curves could not be obtained for all the reactions studied 
in this series. In the oxidation of nitrogen, ozone was formed along with the 
nitrogen dioxide at the pressure and current density where the normal cathode 
fall was obtained. In the oxidation of methane both the voltage and rate for 
all electrode materials approached constant values during the working-in 
process. This was due to the deposition of a film of resinous material over 
the cathode which left the final surface the same in every instance. 

The effect of the anode material on the reactivity was determined in a 
manner similar to that just described, except that the anode rather than the 
cathode, was changed. No detectable change in the rate of reaction was ob¬ 
served irrespective of the composition of the anode. 

The Yield 

The yields in terms of volts per electron of current for various cathode ma¬ 
terials are shown in Tables I and II. The values given are for steady state 
conditions. The columns represent, respectively, the normal cathode fall of 
potential, the number of molecules S 3 mthesized per electron of current, volts 
per molecule per electron of current, and the deviation from the average. 

Table I 

The Synthesis of Ammonia 


Metal 

Volts 

M/e 

V/M/e 

Deviation 

Mg 

225 

.58 

388 

- 5-7% 

A 1 

244 

.60 

407 

— 1.0 

Ca 

250 

.65 

385 

- 6.5 

Zn 

27s 

.48 

572 

+390 

Pt 

285 

,87 

328 

— 20.4 

Ni* 

297 

.70 

425 

+ 3-2 

Ni 

302 

.69 

437 

-f 6.1 

W 

300 

•55 

547 

+32.7 

Au 

30s 

.85 

359 

— 12.9 

Fe 

310 

.80 

388 

- 5-7 

Cu 

332 

.72 

460 

-i-ii .6 

Sn 

330 

.90 

367 

— 10.9 

Cd 

340 

.90 

378 

- 8.2 

Sb 

370 

1.11 

333 

-19.1 


Average 412 

* Special impregnated nickel used in the manufacture of spark plugs. 



CHEMICAL ACTION IN THE GLOW DISCHABOE 3211 

Table II 

The Synthesis of Water 


Metal 

Volts 

M/e 

V/M/e 

Deviation 

A 1 

420 

5-9 

71-3 

+ 4 - 1 % 

Ca 

420 

s-ss 

71.8 

+ 4-7 

Mg 

430 

6.4s 

66.7 

— 2.6 

Zn 

460 

6.4 

71-4 

+ 4*2 

Cd 

460 

6.4s 

68.3 

- -3 

Ni 

460 

70s 

63.2 

-4.7 

Fe 

480 

6.93 

69.1 

+ .8 

Sb 

520 

7 - 7 S 

67.2 

-1.9 

W 

530 

8.10 

65 s 

•“ 4-4 

Pb 

540 

8.12 

66.5 

~ 4-4 

Sn 

560 

8.20 

68.3 

- -3 


Average 68. ss 


The values obtained for the synthesis of water are very constant, the 
power consumption per molecule synthesized never vaiying 5% from the 
average. In the case of ammonia, however, the deviations are much greater. 
Zinc and tungsten give abnormally poor 3delds, while platinum and antimony 
are especially efficient; the iron and aluminum cathodes used in the general 
study of the ammonia reaction give values which are very close to the 
average. 

The deviations recorded in Table II are somewhat greater than the 
experimental error; nickel, for instance, is definitely more efficient than is 
zinc. In Table I the deviations are far beyond the experimental error, zinc 
being only a little more than half as efficient as platinum. It is interesting 
to note that in both reactions zinc shows the lowest efficiency of any of the 
metals. 

Discussion of Results 

It is evident from the results presented in Figs, i and 2 that the rate of 
reaction, in general, increases linearly with the normal cathode fall of poten¬ 
tial. Also, the reactivities for various cathodes line up as well as can be 
expected, with what is known about their relative work functions, i.e., cal¬ 
cium, magnesium, and aluminum, are low, nickel and iron are intermediate, 
and antimony is high. 

In spite of the fact that the results as a whole are veiy definite, individual 
variations are quite large. During the working-in process the rate and volt¬ 
age for a majority of the metals varied in the expected manner; however, 
there are instances like nickel in Fig. 2 where a lowering of the cathode fall 
is accompanied by an increase in reactivity. Likewise two metals with the 
same voltage characteristics may give quite different rates as will be seen 
in Fig. 2 for zinc and nickel. The order of reactivity from reaction to reaction 
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also shows variations; for instance, the position of tungsten in Figs, i and 2 
is quite different. This is due to the change in the work function of the metals 
in the presence of the different gases. 

The gradual changes in voltage occasioned by the change in pressure have 
no effect on the rate of reaction. This is in direct contrast to the change in 
voltage due to a change in the normal cathode fall of potential due to different 
cathodes, which is always accompanied by a change in rate. Thus, in the 
synthesis of ammonia with a nickel cathode, the fall of potential increased 
from 305 to 380 volts, in going from 9.0 to 4*0 mm. pressure, while the rate 
remained constant. A change in the normal cathode fall of potential by this 
amount would have resulted in a 28% increase in rate. This is also illustrated 
for the synthesis of water in Fig. i of paper V,^ where it will be seen at low 
pressures that the voltage practically doubles while the rate of reaction 
remains constant. A doubling of the normal cathode fall of potential would 
have doubled the rate. 

The proportionality between cathode fall and rate and the deviations from 
this proportionality are both to be expected on the basis of the usually ac¬ 
cepted theory of the glow discharge. It is generally felt that the current in 
the discharge is distributed between electron and positive ion carriers. The 
electrons are liberated from the cathode by the impinging positive ions and 
by metastable molecules, while the positive ions and metastables are formed 
by these electrons after they have been accelerated through the cathode 
potential drop. Over the range of voltages found in the discharge the num¬ 
ber of ions formed per electron is very nearly proportional to the energy of 
the electron. The emission of secondary electrons from metal surfaces, how¬ 
ever, not only varies from metal to metal, but may vary over several fold for 
a given metal, depending on the condition of the surface. Therefore, the 
number of electrons emitted per positive ion or per meta-stable molecule 
depends on the nature and condition of the surface, hence the ratio of posi¬ 
tive to negativ^e carriers changes from surface to surface. 

It seems probable that the cathode material may affect the rate of reac¬ 
tion in still another manner. The ions formed in the discharge are divided 
into two parts, those carrying current, and those neutralized on the walls 
and in the gas phase. The reactivity of the latter type is necessarily inde¬ 
pendent of the cathode. Most of the ions carrying current, however, make 
the necessary number of collisions with neutral molecules to form reactive 
clusters before striking the cathode. It seems possible, therefore, that the 
ion clusters neutralized on the cathode might dissociate either into the 
original gas molecules or into the reaction product depending on the stability 
of the reaction product and the catalytic activity of the cathode surface. 

The deviations from the average observed in the synthesis of water are 
surprisingly small in view of the variation in the ratio of positive to negative 
carriers to be expected for different cathode materials. This is doubtless due 
to a comparatively constant physical condition of the surface in every case. 
Also, it seems probable that the positive ions carrying current may contribute 
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to the reaction in this particular case, since water is relatively stable in the 
discharge and since only a few collisions are necessary for the reaction to go 
to completion around an H2''' ion in a 2H2-O2 mixture. 

The comparatively wide deviations given in Table I for anunonia are not 
surprising since the various surfaces respond differently to the action of 
nitrogen and hydrogen in the discharge. Thus the ratio of positive to nega¬ 
tive carriers may vary over an appreciable range. At the same time it seems 
probable that the nature of the cathode surface might have a pronounced 
catalytic effect on the dissociation of the clusters around the positive ions 
which are contributing to the current, since ammonia, in contrast to water, 
is very easily decomposed in the discharge or on hot surfaces. 

Summary 

The rate of synthesis of water and of ammonia in the negative glow is, 
in general, directly proportional to the normal cathode falls of potential for 
the various metals used as cathodes. The change in the cathode potential 
drop due solely to a change in pressure has no effect on the rate of reaction. 

Deviations from this proportionality exhibited by the various cathode 
materials in the 83mthesis of water are small, always being less than 5%. 
In the sjmthesis of ammonia, however, the deviations are materially larger. 

The anode material has no effect on the rate of reaction. 

The proportionality between the normal cathode fall and the rate is 
interpreted as being due to an increase in positive ion production with in¬ 
creased electron acceleration. It is suggested that the deviations from sur¬ 
face to surface are due to changes in the ratio of electron to positive ion cur¬ 
rent carriers, and to variations in the ability of the ions that carry current 
to contribute to the reaction. 



THE ACTION OF HYDROGEN SULPHIDE ON CHROMATES 
PART 11 . HYDROGEN CHROMATE 

BY H. B. DUNNICLIFF AND G. S. KOTWANI 

Dunnicliff and Soni' showed that the final products of the action of hydro¬ 
gen sulphide on potassium chromate are sulphur, potassium thiosulphate, 
potassium polysulphide (probably the pentasulphide) and chromium hydrox¬ 
ide. Preliminary experiments on the action of hydrogen sulphide on an 
aqueous solution of chromic acid indicated that the green precipitate includes 
a complex compound of chromium containing a co-ordinated sulphate because 
an insoluble chromium compound containing both sulphate and hydroxyl or 
water groups was found in the final precipitate. The present paper gives a 
detailed account of the action of hydrogen sulphide on chromic acid. 

A 5% solution of chromic acid of tested purity was used throughout. 

When a slow current of hydrogen sulphide, purified by passing over iodine 
and then through successive scrubbers containing sodium sulphide and water, 
was passed for about i§ hours, the bright orange colour changed quickly to a 
dull purple and then after about 2 5 minutes, to a distinct brown. A rise in 
temperature of about 7®C. was observed. After about 15-20 minutes more, a 
brown solid separated. This brown solid, called in the sequel the ^%ter- 
mediate product’^ settles down if the passage of hydrogen sulphide is stopped 
at this stage. If, however, the current of hydrogen sulphide is continued, the 
colour of the brown solid passes through various shades and ultimately gives 
a whitish-green precipitate after about hours from the start. The time 
varies with the rate of passage of the gas. 

The precipitate contains chromium hydroxide, Cr(OH)8, sulphate (SO4) 
and sulphur. Sulphur dioxide is evolved when the whitish-green precipitate 
is treated with hydrochloric acid, indicating the possible presence of a salt 
of one or more of the thionic acids (thiosulphate, trithionate or dithionate). 
The final filtrate contains no acid or basic radicals (except the [HS]' or [S]" 
of hydrogen sulphide solution). 

In the early stages of this investigation, an attempt was made to ascertain 

(a) the proportion of sulphate, sulphur and hydroxide in this precipitate and 

(b) if the available oxygen could be accounted for in the products of oxidation 
of the hydrogen sulphide as sulphur and sulphate, vide Table I. 

When these experiments were carried out it was imagined that the amount 
of the compound which gave sulphur dioxide with hydrochloric acid was very 
small. This was found to be incorrect and these results had ultimately to be 
discarded. They are included in the paper as they suggested that a definite 
reaction was being investigated and some of the figures have been used in a 


1 J. Phyfl. Chem., 33 , 81 (1929). 



ACTION OF HYDBOOBN SULPHIDE ON CHBOMATES 


3215 


Table I 

The Action of Hydrogen Sulphide on a 5% solution of Chromic Acid 


Grams per 100 grams of chromic acid 


i. 

Experiment No. 

I 

2 

3 

ii. 

Sulphur 

9-37 

9.60 

938 

iii. 

CrO, (Mols) 

3.40 :1 

3-33 :1 

3*41 : I 

iv. 

S (atoms) 

Sulphate 

13-80 

13 52 

13-30 

V. 

Sulphur contained in 
the above sulphate 

4-598 

4.508 

4.480 

vi. 

Total sulphur (ii -|- v) 

13.96 

14. II 

13-86 

vii. 

CrO, (Mols) 

9-2:4 

9.1 :4 

9-2 :4 

viii. 

S (atoms) 

Chromium present, (theory 
requires 52.25 grams) 

52-25 

52.20 

52-15 


later part of the paper and the inconsistencies observed suggested lines of 
attack which are described in the sequel. 

In order to determine the mechanism of the reaction, it was decided to 
investigate the products at three stages. 

Stage I —When hydrogen sulphide was added in just insufficient quantity 
to produce any precipitate. 

Stage II —When hydrogen sulphide was added until the brown inter¬ 
mediate precipitate was formed. 

Stage III —When hydrogen sulphide was bubbled through the solution 
until the precipitation was complete. 

Stage I — Hydrogen sulphide was added in insufficient quantity to produce a 

precipitate. 

Constant amounts (20 c.c.) of 5% chromic acid solution were treated with 
equal quantities of saturated hydrogen sulphide solution diluted to different 
degrees with water, 10 c.c., 20 c.c., 30 c.c., to study the effect of concentration. 
No precipitate, not even sulphur, was formed in any experiment but the colour 
of the solution changed from orange through dark purple to dark brown. 

When chromium sulphate or chromium thiosulphate solution was added 
to chromic acid solution, a similar colour was produced. Thiosulphates are 
oxidised by chromic acid. 

No colour change was observed when sodium dithionate or tetrathionate 
solution was added to chromic acid and sulphate ions were absent. 

The dark brown solution (Stage I) obtained by the action of hydrogen 
sulphide on chromic acid contained sulphate, possibly colloidal chromium 
hy^xide, chromium present partly as a co-ordinated compound, colloidal 
sulphur and unused chromic acid. 
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The methods of analysis were as follows:— 

Sulphate: —(a) by adding hydrochloric acid and precipitating with barium 
chloride, (b) by treating the solution with 0.3N caustic soda to separate 
hydroxide and then determining the sulphate in the filtrate. 

The co-ordinated group is broken up by the alkali treatment, quantita¬ 
tively precipitating the chromium as hydroxide and making all the sulphate 
available for precipitation as barium sulphate. 

Experiment BaS04 by (a) BaS 04 by (b) 

I. 0.0804 0.1666 

II. 0.2255 0.4475 

These results were obtained with solutions which had stood for some time. 

The ‘sulphate’ determined by (a) is half that determined by (b). This 
shows that half of the sulphate is present as sulphate ion and half as a co¬ 
ordinated group in a complex chromium compound. 

Determinations of sulphate by methods (a) and (b) v.s., after varying 
intervals of time, showed that chromium sulphate formed by the action of 
hydrogen sulphide on chromic acid (Stage I) is produced originally in the 
solution as an ionised sulphate which gradually becomes co-ordinated on 
standing, the reaction being complete when the ionic and coordinated sulphate 
are equal in amount (vide Table II). 

Table II 

20 cc. of 5% chromic acid solution were used in the experiments. 


Time of 
contact of 
solutions 

Quantity of 
hydrogen sul¬ 
phide used 

BaS04 

Method (a) 
“ionic” ISO 4 I 

BaS04 
Method (b) 
Total [SO 4 I 

hours 

c. c. 

gram. 

gram. 

0.10 

20 

0.216 

0.238 

0-33 

30 

0 

10 

0.343 

24.00 

20 

0.144 

0.298 


Unused chromic acid was estimated by titration against standard ferrous 
ammonium sulphate. 

Chromium present as hydroxide or co-ordinated sulphate was determined 
by precipitation with ammonium hydroxide. 

Table III gives the results obtained. 

From these results it is observed that:— 

(a) For the same amount of hydrogen sulphide, the amount of chromic 
acid decomposed diminishes with the concentrations. (Expts. i to 6, col¬ 
umn iv). 

(b) For the same amount of hydrogen sulphide, the amount of sulphate 
formed diminishes with increasing dilution of the chromic acid (colunm v a). 

(c) The amount of sulphate formed increases with the amount of hydro¬ 
gen sulphide used for a constant quantity of chromic acid. 



Table III 

Composition of the Solution just before Precipitation of the Intermediate Product 
) c.cs. of 5% chromic acid solution (i.e., i gram CrOa) were used for each experiment 
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Using relationship shown in equation 2, p. 3226. 








32 i 8 h. b. dunnicliff and g. s. kotwani 

(d) The chromium present as chromic acid plus the chromium estimated 
as hydroxide (v.s.) accounts, within experimental error, for the amount of 
chromium originally present in the solution (Expts. 9 and 10). 

(e) The amount of chromic acid decomposed is increased with increasing 
quantities of hydrogen sulphide (cf. Expts. 1-6 with Expts. 7-10), 

(f) Within a reasonable approximation, experiments in which the same 
amount of chromic acid and hydrogen sulphide were used yielded similar 
results. (Expts. i and 2; 3 and 4; 5 and 6; 9 and 10). This suggests that the 
reaction takes a definite line of action and is not unduly sensitive to external 
conditions. 

Stage II, Hydrogen sulphide is added as gas, or as a saturated solution until a 

brown precipitate is formed. The solution is also brown. 

Examination of the solid: —It is insoluble in both cold and hot water, but 
is attacked by dilute hydrochloric acid leaving a residue of sulphur. 

Sulphur dioxide has not been detected when the precipitate is treated with 
acid. This is important since the final precipitate always yields much sulphur 
dioxide with dilute hydrochloric acid. The solid was examined for [SO4I, 
[004], chromium, sulphur and hydroxide (indirect). When treated with 
0.3N caustic potash, a green solid remains which contains neither sulphate 
nor chromate. 

Sulphate in the brown precipitate was determined by method (a) and 
(b), p. 3216. 

Table IV shows that the co-ordinated sulphate in the precipitate is equal 
to the amount of ionic sulphate present. 

Table IV 


Determination of the state of combination of the sulphate groups in the 
precipitate and filtrate of the intermediate stage (from 20 c.c. of 5% 

chromic acid) 


1 

Method 

11 

Barium 

Ill 

Method 

IV 

Barium 

Precipitate 

sulphate 

Filtrate 

sulphate 


grm. 


grm. 

Dissolved in HCl and 


Treated with HCl 


determined sulphate 

0.1025 

and precipitated 

0-3350 

in the filtrate 


the sulphate 




with barium 




chloride 


Extracted with KOH and 


Treated with KOH 


determined sulphate in 

0.2083 

and determined 

0.3550 

the filtrate 


sulphate in the 




filtrate 


The figures show (column iv) that, in the filtrate from the intermediate 

precipitate, the sulphate is all 

in the ionic form. 
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This was confirmed (Table V) by examining two more filtrates immedi¬ 
ately after filtration. 


Table V 


The barium sulphate found was: 


Method Expt. I Expt. II 

grams grams 

(a) Determination of [SO4] 

direct in the presence 0.1050 o. 1300 

of hydrochloric acid 


(b) Precipitation with 

ammonium hydroxide and 
determination of [SO4] 

in the filtrate o. 1043 0.1350 


The following determinations were carried out at the intermediate stage:— 

1. The brown precipitate was directly extracted with 0.3N potassium 
hydroxide. Chromate and sulphate (Table VI, cols, iv and vii) were de¬ 
termined in the solution. 

2. The residual green solid was dissolved in dilute hydrochloric acid and 
the chromium precipitated as hydroxide (Table VI, col. v). 

3. Chromate, chromium and sulphate were also determined in the fil¬ 
trate (Table VII, cols, iv, v, and vii). 

The above results show that the action takes place moderately slowly and 
that continued suspension of the solid in the solution leads to a diminution of 
the chromic acid. 

If the solution obtained just before precipitate formation is allowed to 
stand, the brown precipitate slowly forms. The solution contains chromic 
acid, chromium sulphate (unco-ordinated), chromium hydroxide and sul¬ 
phur in the colloidal state. Hence it appears that the addition of hydrogen 
sulphide accelerates an action by which the co-ordinated chromium sulphate 
containing hydroxy groups and water molecules is formed and also induces 
the coagulation of the excess of chromium hydroxide and sulphur. 

Attempts to synthesise the brown Intermediate Precipitate :— 

1. When the chromium sulphate is exposed to chromic acid solution, 
a brown precipitate is formed. This precipitate, though similar in appearance 
to that produced in the action of hydrogen sulphide on chromic acid, has not 
the same constitution because its suspension in water^ when treated with hydro- 
gen sulphide gives a green residue which contains no thiosulphate. 

2. A further possibility—and one that appears at first sight more prob¬ 
able—is that the co-ordinated sulphato-chromium-aquo-sulphate (vide p. 
3235) is precipitated and the chromic acid combines simultaneously with the 
colloidal chromium hydroxide and separates as an insoluble chromium 
chromate. 



Examination of the Precipitate of the Intermediate Stage 
20 c.c. of chromic acid solution were used and 75 c.c. saturated hydrogen sulphide solution 
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This possibility was investigated as follows:— 

The chromium hydroxide precipitated from chromium sulphate was 
treated with s% chromic acid solution. The brown substance which formed 
was filtered off. Analysis of the filtrate showed that a considerable quantity 
of the chromic acid had been taken up by the precipitate. The washed pre¬ 
cipitate was extracted with potassium hydroxide and chromic acid and 
chromium hydroxide were determined. 


Table VIII 


Cr20* 

Cr04 

Molecular 

ratio 

Approximate 

grm. 

grm. 

Cr20*:Cr04 

formula 

0.1237 

0.0369 

2.56 : I 

Cr, 0,.8 

0.1182 

0.0358 

2.52 :1 

CrjOj.g 

0.1075 

0.0448 

1.83 : I 

CrO*.o 

0.1000 

0.0448 

1.71 : I 

CrO*., 


The formula of the solid substance (col. iv), approximates to Cr02“ or it is 
possibly another so-called chromium chromate 2CrjO», CrOa = CrjO#, if it 
exists. A similar compound is said to be produced when a chromium salt is 
mixed with a chromate (loc. cit), but attempts to prepare it were unsuccessful. 
It is possible that this compound CrOj (or CrjOa) is the cause of the brown 
colour of the intermediate precipitate, but reduction of the brown substance 
so produced by hydrogen sulphide results in the formation of a green substance 
which contains sulphate and sulphur but no thiosulphate or thionic acid 
giving sulphur dioxide on acid treatment. 

The action of hydrogen sulphide on the synthetic brown substance was 
studied quantitatively. The final precipitate gave the following results:— 



Expt. I 

Expt. II 


gram 

gram 

Chromium oxide 

0.2325 

0.2323 

Barium sulphate (direct) 
Barium sulphate after 

0.0285 

0.0275 

alkali treatment 

0.0275 

0.0265 

Thiosulphate 

Absent 

Absent 


From these results it is clear that the brown compound formed by the 
action of hydrogen sulphide on chromic acid is not the same as the brown 
compound produced by the action of chromic acid on chromic sulphate 
though similar in appearance. 

(3) The same process (vide Para 2) was tried in the presence of pre¬ 
cipitated sulphur, but the resultant brown substance gave no thiosulphate 
on exhaustive treatment with hydrogen sulphide. 


> Mans: Pogg. Ann., 61, 319 U844),' Bensch: 55, 98 (1842). 
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(4) The final precipitate from the action of hydrogen sulphide on potas¬ 
sium chromate solution (i.e. Cr(OH)8 and sulphur) when treated with chromic 
acid gives a brown product. When this brown substance is washed and then 
suspended in water and treated with hydrogen sulphide it yields a whitish 
green solid which contains thiosulphate. 

This brown synthetic product appears therefore to be similar to the sub¬ 
stance obtained by action of hydrogen sulphide on chromic acid solution. 
The essential difference between (3) and (4) is that in (4) the chromium hy¬ 
droxide and sulphur were precipitated simultaneously; in (3) they were 
produced separately and mixed. 

(5) If the intermediate brown substance formed in the treatment of 
potassium dichromate with hydrogen sulphide is separated and washed and 
its suspension in water treated with hydrogen sulphide, the resultant green 
substance contains sulphate, thiosulphate and hydroxide just as the final 
precipitate from hydrogen sulphide and chromic acid. 

Hence it appears that the brown intermediate compound or mixture is 
formed by the action of chromic acid on a mixture of chromium hydroxide and 
sulphur coagulated from the colloidal state in the presence of each other. 

It has been shown in Stage I (Table III) that the co-ordinated sulphate 
slowly forms in solution but that the concentration conditions are such that 
no precipitate separates. Since only ionic sulphate is found in the filtrate of 
the intermediate stage, it is clear that the co-ordinated sulphate is the portion 
which separates as a precipitate. It has not been found possible to determine 
whether 

(a) this precipitate on formation is an insoluble “basic^^ sulphate in which 
part of the fSOJ is co-ordinated and which adsorbs or combines with the CrOs 
from the solution, or 

(b) whether the removal of the CrOs from solution simultaneously with 
the development of the brown precipitate is due to the formation of a sulphato- 
chromium compound in which part of the sulphate group is replaced by 
[CrOJ (compare Senderens: J. Chem. Soc., Abst. ii, 470, 1893). 

The observations on the action of chromic acid on a mixture of chromium 
hydroxide and precipitated sulphur combined with the work of J. B. Sen- 
derens^ on the action of potassium bichromate on sulphur in which thiosul¬ 
phate is formed, suggest the manner in which part at any rate of the thio¬ 
sulphate in the final green precipitate is produced. The results (Table IX) 
also show that the total of the sulphate present in the brown precipitate 
(Table VI, col. vii) and in the filtrate (Table VII, col, vii) is constant. 

The average weight of sulphate found in the precipitate of the final stage 
from I gram of chromic acid was 0.252 gram (vide Table XVI, col. v, p. 26). 
The close approximation of this value to that in Table IX (0.257 gram) indi¬ 
cates that little or no more sulphate is formed after the brown precipitate 
separates. 


•Bull., (3), 7 . 511; J. Chem. Soc. Abst., ii, 205 {1893). 
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Table IX 

Intermediate Stage 
(from I gram chromic acid) 

Total sulphate present in precipitate and filtrate 


Experiment 

A 

B 

C 

D 

E 

Table VI, col. vii. 

0.104 

0.218 

0.200 

0.164 

0.159 gram 

Table Vii, col. vii. 

0.142 

0.044 

0.046 

o.oq8 

0.108 

Total 

0.246 

0.262 

0.246 

0.264 

0.267 '' 


Mean = 0.257 gram ISO4] 


The sulphate present in the precipitate is in two states of combination. 
The results detailed in the foot-note to Table VI and VII shows that all the 
chromic acid is accounted for. 

The ratio [S04]:[Cr04]:[Cr] (as equivalent) in the solid substance in ex¬ 
periments A to E (v.s.) is as follows:— 


Table X 



A 

B 

c 

D 

E 

1SO4I 

1.63 

2-55 

2.69 

2.17 

2.16 

[Cr 04 l 

I 

I 

I 

I 

I 

Cr 

S- 2 T 

6.23 

00 

5.24 

5 . 2 s 


The lack of uniformity is not surprising as the reaction was stopped at 
different points representing intermediate stages of a continuous reaction. 

In reactions carried out under exactly similar conditions (Table X, D 
and E) the ratio [SO4] :[Cr04] :Cr is the same within experimental error. This 
confirms one in the belief that the reaction proceeds slowly in an orderly way 
and that its mechanism may be determinable. 

The investigation is complicated by the fact that the reaction mixture 
contains several pairs of compounds which are able to react with each other, 
e.g. (i) chromic acid can react with chromium hydroxide (vide pp. ii et seq); 
(ii) chromium hydroxide can react with chromium sulphate and so on. 

Action of Chromium Sulphate on Chromium Hydroxide :— 

The chromium sulphate used contained only 84% of the [SO4] required by 
theory for Cr*(S04)». Of the sulphate present, 52% was directly precipitable 
by barium chloride in acid solution (HCl). All the sulphate was rendered 
precipitable by a preliminary alkali treatment as described above. 

Chromium hydroxide was precipitated from 20 c.cs. of chromium sulphate 
solution, washed, and left in contact with 20 c.cs. of the same chromium sul¬ 
phate solution for 24 hours. The mixture was filtered and the substance on 
the filter paper was washed sulphate free. 
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The filtrate showed lose of sulphate. 

BaSO^ precipitated by BaCU = 0.0884 gram 

[SO4] precipitated in solution after 
chromium was precipitated by 

NH4OH and shown as BaS04 == 0.4680 ” 

The solid phase contained 

(1) . [SO4] as BaS04 obtained by extrac¬ 

tion with hydrochloric acid and precipi¬ 
tation with BaCl* = 00353 ” 

(2) . [SO4] as BaS04 by extraction with 

NH4OH and estimation of [SO4] in the 

filtrate = 0.0709 ” 

This shows that the sulphate in the solid phase is in two states of com¬ 
bination and is equally divided between them. 

The analyses of several solid substances produced in this way are given 
in Table XL 

Table XI 

Complex Chromium Sulphate produced by the Action of Chromium Sulphate 

on Chromium Hydroxide 


Cr203 

(SO4] 

(Total) 

Cr208 

[SO4] 

gram 

gram 

(Mols) 

(Mols) 

0.1512 

0,0445 

2.15 : 

I 

0.1490 

0.0437 

2.16 : 

I 

0.139s 

0.0438 

2.01 : 

I 

0.0990 

0.0292 

2.14 : 

I 


To eliminate as far as possible, the difficulties of realising quantitative 
action between a solid and a substance in solution in order to produce a solid 
compound, small quantities had to be used. The results indicate that the 
formula of the solid may be expressed as: 

7 (OH), \ 1" 

( Cr, )S04 ...S04 ",xH,0 

_V (H20)7/, J 

NOTE:—In the preliminary experiments (rejected) the final precipitate 
dried out of contact with air at laboratory temperature contained water and 
chromium oxide in the ratio 6.6 : i (mean of three determinations). 

The brown precipitate appears either (a) to contain some such compound 
or a derivative in which [Cr04] replaces some of the hydroxy groups or (b) to 
be a mixture of the compound with CrsOn or (CrO*) formed by the action of 
chromations or dichromations with excess of chromium hydroxide. 

It will be observed that in each molecule of the above compound, four 
atoms of chromium and two sulphate radicles are present. The amount of 
chromium sesquioxide corresponding with the amount of [SO4] shown in 
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column vii of Table VI has been calculated on this basis by multiplying the 
figures by 304/192. These are shown in the upper line of Table XII. The 
values for CrjOs in column v of Table VI are shown above. Actual values 
are multiplied by 10* in each case. 

Table XII 

Experiment No. A B 

Cr208 calculated from 

Table VI, col. vii 165 345 

Cr208 found by direct 
estimation Table VI, 
colv) 389 630 715 471 472 

From this it appears that the brown precipitate may be composed of sul¬ 
phur and approximately equal quantities of the complex sulphate and chro¬ 
mium hydroxide and that the latter has adsorbed or combined with a certain 
amount of chromic acid. 

The experimental evidence shows that since sulphate appears in the early 
stages to the complete exclusion of thiosulphate, which, however, is certainly 
formed in the final stage, two different reactions take place in succession; 
one during the early stages of reduction in which thiosulphate is not formed, 
or if formed is decomposed, and a second reaction in the later stages of the 
reduction in which thiosulphate is formed. The distinction between the 
two conditions is that the first reaction takes place in a slightly acid medium 
and the last in a wet, solid neutral phase. This is quite sufficient to account 
for the relative stability of the thiosulphate in the solid phase. 

It must be conjectured, therefore, that when chromic acid as part of a solid 
substance is reduced in the presence of sulphur and chromium hydroxide, a 
basic or co-ordinated thiosulphate is formed which is insoluble. The limiting 
condition occurs when no more chromic acid exists in the liquid phase and 
when all the chromic acid that is left has been taken up by the precipitate. 
Thiosulphate does not form until the hydrogen ion concentration is negligible. 

Stage III, Hydrogen Sulphide is passed into the solution until precipitation is 
complete. 

The filtrate contains no sulphate or thiosulphate nor any sulphur acid 
except hydrogen sulphide. 

The green solid is insoluble in water and contains chromium sulphate, 
thiosulphate, hydroxide and sulphur. This when treated with hot dilute 
hydrochloric acid gave sulphur dioxide and a green solution containing free 
sulphur which was collected in a Gooch crucible, dried and weighed. Chro¬ 
mium and sulphate were determined in the filtrate (vide Table XIII, p. 3226). 
The values given are calculated as follows. Example No. i is used as illus¬ 
tration. 


C D E 

316 260 252 
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Assuming the reaction 

2CrO, + 3H,S = Cr, 0 , + 3H,0 + 3S.(i) 

48 grams of sulphur s 100 grams CrOs 
or 9.12 grams of sulphur = 19.00 grams CrOj 

Also, on the assumption that hydrogen sulphide is oxidised to sulphate by 
chromic acid, 

8CrO, + 3H,S = Cr2(S04)8 + 3H*0 + 3Cr,0,.(2) 

100 grams CrOj = 36 grams [SO4] 

9.55 grams SO4 = 26.52 grams CrOs 

The total chromic acid thus accounted for = 19.00 + 26.52 = 45.52 grams. 
100 grams of chromic acid 3deld 76.01 grams. Cr» 0 » 

.’. 76.228 grams CrjOs = 1.300 grams CrO*. 

Table XIII 

Composition of final precipitate produced when a 5% solution (50 c.cs) of 
Chromic Acid is treated (slowly) with hydrogen sulphide gas at lab¬ 
oratory temperature 


Results are shown for 100 grams of chromic acid 

i iia iib iiia iiib 

_Sulphur_ _Sulphate_ 


No. 

Actual 

In terms of 

(SO.) 

In terms of 


weight 

chromic acid 
(vide equation (i) 

actual 

CrOs (vide 
equation (2) 


grams 

grams 

grams 

grams 

I. 

9.12 

19.00 

9-55 

26.52 

2. 

9-33 

19.25 

9-50 

26.37 

3 * 

8.87 

18.50 

9-52 

26.43 

4 - 

8.80 

18.55 

9-63 

26.74 

S- 

8.80 

18.55 

9.42 

26.30 

i 

iv 

Chromic acid accounted 

va 

vb 


No. 

for as S and (SO4) = 
(col. iib + col. iiib.). 

grams. 

Chromium Sesquioxide (Cr* 0 «) 

By experiment Calculated as CrOa 

grams. grams. 

I. 

45-52 

76.228 

100.3 


2. 

45.62 

76.304 

100.4 


3 - 

44-93 

76.380 

100.5 


4. 

45-43 

76.226 

100.3 


5 - 

44-83 

76.132 

100.2 



Theory = 100.0 


Column vb, Table XIII, shows that all of the chromium is precipitated 
but that sulphur and sulphate formed account for only 45% of the chromic 
acid available (ibid, col. iv). 

Carbon bisulphide failed to remove any sulphur from the dried precipitate. 
In the preliminary stages it was incorrectly assumed that all the sulphur 
(Table XIII, col. iia) was possibly obtainable from thiosulphate decomposed 
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by treatment with hot dilute hydrochloric acid. Calculating the sulphur as 
thiosulphate and equivalent chromic acid as described below, the v^ues in 
Table XIV were obtained. 

The following reactions involving the formation and decomposition of 
thiosulphate are assumed: 

SCrOj = 4Crj08 -h 12 O . (3) 

6 H,S + 12O = 3Hi8,0, + 3H,0 . . (4) 

3 H,S, 0 , (HCl) = 3 H *0 + 3SOt + 3S (5), 

then, 3X32 grams of free sulphur would be obtained by the use of 800 grams 
CrOi or 12 grams of sulphur s 100 grams CrOt 
.'. 9.12 grams of sulphur (Table XIV, col iia) s 75.93 grams CrOs 
If the precipitate contains free sulphur as well as sulphate and thiosulphate, 
the second method cannot be correct. To obtain evidence on this, the pre¬ 
cipitate was extracted with cold 0.3N caustic potash, which, under the con¬ 
ditions of the experiment, does not give thiosulphate with free sulphur. This 
eliminates sulphate and thiosulphate. The residue contained free sulphur. 
Hence the second method of calculation is untenable. The green solid from 
50 cc. of 5% chromic acid was treated with 0.3 N potassium hydroxide and 
the slightly yellow filtrate and washings made up to 250 cc. An aliquot por¬ 
tion of this was treated with dilute hydrochloric acid to decompose thiosul¬ 
phate and boiled to coagulate the sulphur which separates in the reaction. 

Table XIV 



Calculation of i 

available chromic 

acid in terms of 


sulphuric and thiosulphuric acids. 


i 

iia 

iib 

iiia 

iiib 


Sulphur 

Sulphate 


Actual weight 

In terms of chromic 

Sulphate 

Sulphate in terms of 

No. 

obtained, 

acid (vide equa¬ 

actual 

chromic acid (vide 


assumed from 

tion (i)) 


equation (2)) 


thiosulphate. 





grams. 

grams. 

grams. 

grams. 

I . 

9.12 

75-93 

9.55 

26.52 

2 . 

9-33 

76.70 

9-50 

26.37 

3 - 

8.87 

73-91 

9-52 

26.43 

4 - 

8.97 

74-75 

963 

26.74 

5 - 

8.80 

73-30 

9.42 

26.30 

i 

iv 





Chromic acid accounted for 



No. 

(col. iib and col. iiib) 




as sulphur from thiosulphate) 




and sulphate 




grams. 




I . 

102.52 

(Theory = 

100.0 gms.). 


2. 

103.07 




3 * 

100.34 




4. 

101.49 




S- 

99.60 
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The clear filtrate was used for sulphate determination. The value of sulphate 
obtained by this method in two experiments carried out side by side under 
identical conditions was nearly three times the value obtained by the direct 
hydrochloric acid method (not twice, as so frequently found in other experi¬ 
ments). 

Sulphate by KOH method 24.72 24.75) for 100 grams 

Sulphate by HCl method 9.50 9 -55/ of CrOs 

It was shown that this increase in value of the sulphate determined by 
the hydroxide method was not due to the decomposition of thiosulphate (or 
dithionate) by the potassium hydroxide. 

Three other possibilities exist: 

(1) Partial decomposition (hydrolysis) of thiosulphate* with the for¬ 
mation of sulphate. 

(2) Hydrolysis of trithionate if it is formed as an intermediate stage in 
the reaction. 


Table XV 

Sulphate grama of HaSOa 

1 n 


(a) Total present in Chromium Sulphate used 

0.8280 

0.8280 

(b) Remaining (coordinated) in solution after 



10 days 

0.2325 

0.2200 

(c) Obtainable from chromium sulphate (a-b) 

0.5955 

0.6080 

(d) BaS04 actually obtained 

0.8041 

0.8193 

(e) BaS04 derived from decomposition of 



barium thiosulphate (d-c) 

0.2086 

0.2113 


Hence after lo days, about one third of the chromium thiosulphate had 
hydrolysed giving sulphate [S2O8]" + H2O = H2S + [SO4]" 


(3) Intramolecular change. 

The first was examined experimentally, and it was found that while 
chromium thiosulphate is hydrolysed in solution, there is no evidence of its 
hydrolysis under the conditions described. 

(2) and (3) will be discussed in the theoretical portion of the paper (p. 3235). 

Direct Estimation of Thiosulphate^ Sulphate and Sulphur present in the Final 

Precipitate :— 

The precipitate from 50 c.c. of 5% chromic acid was extracted with 75 c.c. 
of 0.3N potassium hydroxide at a a temperature not exceeding 2 5®( \ and the 
filtrate was made up to 250 c.c. by washing, etc. 

In an aliquot portion of this solution, thiosulphate was determined by 
two different methods. 

* Chromium thiosulphate was made by the double decomposition of the sulphate with 
barium thiosulphate (Plimpton: J. Chem. Soc., 67 , 314 (1895)). 48% of the sulphate in the 
original chromium sulphate was co-ordinated, but the removal 01 the sulphations from the 
solution as barium sulphate caused more co-orinated sulphate to become progressively 
ionised. 
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Method No 1. The solution was treated with a suspension of zinc car¬ 
bonate and glycerine to remove traces of sulphide, and filtered. After acidify¬ 
ing the filtrate with acetic acid, it was titrated against N/98.4 iodine.^ Sul¬ 
phide was shown to be absent by the authors^ (K. and W.) method. 

In one experiment, the [S2O3] present from 50 c.c. of 5% chromic acid 
solution was found to be 0.1532 gram. CrOa required to form 0.1532 gram of 
[S2O3] (equations (3) and (4) = 0.1532 X 800/3 X 112 = 0.3625 gram (from 
50 C.C.). 

out of 100 grams CrOa, 0.3625 X 40 = 14.50 grams are used in the produc¬ 
tion of thiosulphate. 

Sulphate :— 

Another portion was acidified with hydrochloric acid, heated to boiling 
to coagulate sulphur, and filtered. The filtrate was used for sulphate deter¬ 
mination. 

Sulphur was determined by the direct decomposition of the precipitate 
from a known volume of solution. The sulphur was weighed in a Gooch 
crucible. It contained both free sulphur and sulphur set free from thio¬ 
sulphate. 

The results of these analyses are embodied in Table XVI. The methods 
of calculation are detailed on pp. 3226 and 3227, and supplemented with 
those given below. 

Combining equations (3), (4) and (5) 


8Cr03 + 6H2S = 4Cr203 + 3H2S2O3 + 3H2O.(6) 

i 

HCl 

i 

(3H2O + 3SO,) + 3S.(S) 


Hence, 100 grams CrOs yield 12 grams of sulphur. 

Table XVI, col. v shows that 5.96 gms. of [S2O3] are formed. This cor¬ 
responds with 14.17 grams of chromic acid (equation (6)). 

The sulphur yielded by this thiosulphate on acid treatment is 1.70 grams 
(equation (5)). 

Hence the weight of free sulphur in the precipitate from 100 grams Cr03 is 
(9.00 — 1.70) = 7.30 grams, the chromic acid equivalent of which is 15.21 
grams (equation (i)). 

Actual sulphate was 25,22 grams and the chromic acid equivalent to this 
= 70.6 grams (equation (2)). 

100 grams of CrOs is therefore accounted for as follows:— 


grams 

Expended in Thiosulphate formation = 14 -17 
Expended in Sulphur formation = 15.21 
Expended in Sulphate formation == 70.06 
Total.99*44 


^ A. Kurtenacher and R. WoUak: Z. anorg. Chem., 161 , 201 (1927). 
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The conclusion that no sulphate is formed by the decomposition of thio¬ 
sulphate is also confirmed by the fact that the total (average) sulphate in the 
final precipitate (25.2 grams) from 100 grams of chromic acid is equal to the 
total sulphate formed in the intermediate stage (25.7 grams) (vide Table IX). 

Method No, 2, The thiosulphate in the green precipitate was also deter¬ 
mined by treating the precipitate with hydrochloric acid and blowing off the 
sulphur dioxide with a current of carbon dioxide gas into bromine water. This 
oxidises the sulphur dioxide to sulphuric acid. Bromine was removed by 
boiling and the sulphate determined. The values for thiosulphate by the 
method are a little lower than those obtained by the first method. (Control 
against A.R. sodium thiosulphate gave 98.5% of theory). 

Sulphate and sulphur were also estimated in the bluish-green solution, 
and the sulphate determined direct is about 2/3 of the total sulphate. For 
results, see Table XVII. 

In the determination of thiosulphate in the final green precipitate by the 
decomposition of the product by hydrochloric acid, the calculations, referred 
to the mean values of experiments i, 2 and 3 are based on equations (5) and 
(6) v.s. 

(1) Since 3 X 233 grams BaS04 = 800 grams CrOa 9.53 grams BaS04 
(col. V, a) = 10.90 grams CrOa (col. v, b). 

(2) 3X32 grams of sulphur = 800 grams CrOa.’. 10.90 grams CrOa =1.31 
grams of sulphur; Hence the sulphur existing in the precipitate as such = 
8.882 — 1.308 = 7.574 grams. 

(3) The chromic acid spent in oxidising hydrogen sulphide to sulphur — 


7.574 X 200 
96 


15.78 grams. 


Mean value for sulphate found from 100 grams CrOa = 24.86 grams (col. 
V, a). 

This corresponds to 69.10 grams CrOa (col. vb). 

Hence the chromic acid is accounted for as follows: 


Expended in sulphate formation 
Expended in thiosulphate formation 
Expended in sulphur formation 


69.10 grams. 
10.90 grams. 
15.78 grams. 


Total = 95.78 grams. 

The sulphate and sulphur values compare favourably with the results 
summarised in col. v of Table XVI but the thiosulphate values are low. This 
is not unexpected in view of the evidence® showing that the decomposition of 
thiosulphate by acids is accompanied by side reactions. 

The ability to account for all the chromic acid in terms of sulphur, sulphate 
and thiosulphate suggests that the correct ultimate products have been found. 


^Ba49fiett and Durrant: J. Chem. Soc., 1927 , 1416-17. 
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To check this, all the sulphur products were converted into sulphate by 
boiling the final precipitate with bromine water imder reflux until no solid was 
left and the sulphate determined in the solution. 

The quantity of [SOJ theoretically producible from 100 grams CrOs as¬ 
suming half of the oxygen to be “available” = 36.0 grams [SOJ. 

Experimental values found = (i) 36.11, (ii) 35.98, (iii) 36.47 grams (SO4]. 

The concurrence confirms the conclusions arrived at. 

It is interesting to note that the analyses in Table XVI work out to the 
following equation involving the loss of only 5% (i.e. 3 atoms) of available 
oxygen in the chromic acid used. 

2(sH,Cr04 + 3H,S) = Cr*(S, 0 ,), -h sCr»(S04), 

48Cr(OH)» + IS S 4 - 24H*0 

(The co-ordination formulae have been omitted for simplicity). 

Summaiy and Discussion 

The course of the action of hydrogen sulphide on 5% chromic acid solution 
has been studied in three stages. 

Stage 1 . Up to the point at which a brown (intermediate) precipitate just 
commences to form. 

The solution contains colloidal chromium hydroxide, colloidal sulphur, 
chromium in the ionic state, undecomposed chromic acid and sulphate. The 
sulphate is at first all in the ionic form and precipitable by barium chloride. 
After standing for some time, half of the sulphate becomes “co-ordinated.” 
The whole of the reduced chromic acid is accounted for as sulphate and 
chromium is present as salt of hydroxide. 

Stage II. A brown precipitate called the “Intermediate” precipitate is 
formed which contains 

(1) a co-ordinated sulphato-chromium sulphate. 

(2) In approximately equivalent quantity, chromium hydroxide which 
is partly converted into 

(3) A compound having the formula CrsO# or CrO* by the action of un¬ 
used chromic acid. 

(4) Free sulphur. 

The filtrate contains sulphate all of which is ionic, chromium hydroxide, 
unreduced chromic acid and colloidal sulphur. 

Stage III. The final green precipitate contains 

(1) one or more co-ordinated chromium sulphates. 

(2) chromium thiosulphate, probably co-ordinated. 

(3) free sulphur. 

(4) chromium hydroxide. 

The sulphate in the “co-ordinated” state in the final precipitate is greater 
than that in the intermediate precipitate and, with respect to the “ionic” 
sulphate, its amount approaches the ratio 2:1. 
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Since the total sulphate in the final stage equals the sum of the sulphate in 
the precipitate and solution in the intermediate stage, no sulphate is formed 
by the action of hydrogen sulphide on the brown precipitate nor by the hydro¬ 
lysis of the chromium thiosulphate complex. Hence the increase in the pro¬ 
portion of co-ordinated sulphate to ionic sulphate is probably due to intra¬ 
molecular rearrangement. 

The whole of the oxidising power of the chromic acid has been accounted 
for in Stages H and III of the reaction in terms of the products given above. 


Interpretation of the ResvUs 

Assuming that chromic acid contains some HsCr04, the production of 
sulphur and chromium hydroxide is accounted for as proposed by Dunnicliff 
and Soni (loc. cit). 



unstable 


iu (HjO),]' 

Cr ....(OH) 

. (OH),. 


, H,S H^ -I- [SHr 

iii 


iii 3H,0 

Cr + H ,0 + [HS]' 

. (OH),. 


2Cr(OH), 4- S -h H,S + 6 H ,0 


Theoretically, the sulphate can be accounted for either direct via sul- 
phoxylic acid (H,SO,), the first hydrolysis product of sulphur, or via thio¬ 
sulphate or trithionate. 

Thus:* 

2 H ,0 -H 2S = H,S -1- H,SO, 


The sulphoxylic acid would be readily oxidised to sulphate by the chromic acid. 

The possibility that sulphate may be formed via thiosulphate depends on 
the assumption that, two molecules of sulphoxylic acid might lose one mole¬ 
cule of water giving thiosulphuric acid. 



molecular 


rearrangement 


O 

O ^ \ O 


\. / s 


.2H' 


* Baasett and Durrant: J. Chem. Soc., 1927, 1401. 
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though Bassett and Durrant* could adduce no evidence of this decomposition 
and it would not be favoured by an acid medium. If formed, this thio- 
sulphuric acid would be oxidised to sulphuric acid by the chromic acid present. 

The formation of trithionate would be difficult to account for and its 
transformation to thiosulphate requires a neutral medium. 

Hence the authors favour the direct oxidation of sulphoxylic as the method 
of formation of sulphate. 

The sulphate first formed is all precipitable and the interaction between 
the chromium hydroxide and formation of the co-ordination compound is 
comparatively slow and succeeded by coagulation. The fact that the “co¬ 
ordinated” sulphate and ionic sulphate are equal in amount in the “inter¬ 
mediate” precipitate may be indicated by the formula. 

• (0H),T' f/ OH \ T' 

Cr, (H,0)8 .... SO«*' oH ( Cr I SOi .SO/ 

. (SOO J L'^ (H, 0 ) 4 /, J 

i.e. sulphato-dihydroxo-octaquo-dichromium sulphate. Synthetic experi¬ 
ments indicate that the formula is probably more complex and has the com¬ 
position 

(OH), \ T' 

Cr, Iso, ...S 0 /,xH ,0 

(h,o)7/, j 

OH Cr-Cr(OH ■' 

(H, 0 ), 1 (H, 0)4 

SO4 ..S04^xH,0 

(OH) I (OH) 

(H, 0 ), Cr-Cr(H,0)4. 

This precipitate undergoes further changes which result in the co-ordination 
of more [SO4] at the expense of the ionic [SOJ. 

The Formation of Thiosulphate in the Precipitate :— 

Again assuming that sulphoxylic acid is the first sulphur oxy-acid formed, 
the appearance of thiosulphate in the precipitate may develop in two ways. 
The hydrolysis of trithionate (if it could be formed) is ruled out since under 
neutral conditions it yields chiefly sulphate and thiosulphate:^ 

H2S3O6 + H ,0 = H,S 04 + HaStO, 

This would involve an increase in the sulphate content of the final product. 

This is contrary to experimental evidence (p. 3222) which shows that the 
amount of sulphate in the final precipitate is equal to the amount at the inter¬ 
mediate stage. 

’ Kurtenacker and Kaufmann: Z. anorg. Chem., 148,43 (1925); Foerstor: 144,337 (1925) 
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The development of thiosulphate via the dehydration of two molecules of 
sulphoxylic acid (vide p. 3234) is also improbable. 

The authors are of opinion that the thiosulphate is synthesised in the preci¬ 
pitate as follows:— 

Sulphur by the action of water yields sulphoxylic acid. This is oxidised 
by the CrOs or CrtOj in the precipitate to sulphurous acid which in the 
presence of co-precipitated sulphur and chromium hydroxide gives chromium 
thiosulphate. Under the conditions of the reaction this compound becomes 
partly (or wholly) co-ordinated and forms a complex insoluble compound with 
the excess chromium hydroxide. 

Gouemment C<Mege, 

University of the Punjab, 

Lahore, India. 



A STUDY OF THE PREPARATION AND CERTAIN PROPERTIES 
OF COLLOIDAL HYDROUS BERYLLIUM OXIDE SOLS* 

BY WILLARD H. MADSON AND FRANCIS C. KRAUSKOPF 

Introduction 

One of the most interesting compounds of beryllium is the hydroxide. It 
is easily prepared by precipitation from solutions by various alkaline reagents. 

J. M. van Bemmelen^ distinguished two forms of beryllium hydroxide. 
The granular alpha-hydroxide prepared by precipitation from alkaline solu¬ 
tion of the oxide, and the gelatinous beta-hydroxide precipitated by ammonia 
from a solution of beryllium sulfate. After considerable research on the two 
forms, van Bemmelen concluded that the alpha-hydroxide was a definite 
compound, Be(OH)2, but that the beta-hydroxide was of indefinite com¬ 
position and behaved like gelatinous aluminum and ferric hydroxide. “It 
may therefore be regarded as colloidal beryllium oxide for there is little to 
show that the water is other than adsorbed or mechanically held^^^ The 
various hydrated beryllium hydroxides which A. Atterberg^ claims to have 
prepared may be regarded as different stages in the desiccation of the gelatin¬ 
ous or beta-hydroxide. 

The properties of beryllium hydroxide vary greatly with the mode of 
preparation. One equivalent of concentrated solutions of normal salts can 
dissolve from one to five equivalents of the hydroxide depending on the salt 
used. The solubility of the hydroxide and its sensitiveness to reagents are 
greatly diminished if it has been dried by warming, or boiled for a long time in 
water. When the hydroxide is first precipitated by strong alkalies, it is very 
voluminous, easily adsorbs carbon dioxide and is easily soluble in potassium 
hydroxide, potassium carbonate, ammonium carbonate or in acids. On stand¬ 
ing it slowly changes to the more stable form, which is granular and much less 
active. These same differences of properties of the two forms of the hydroxide 
were also observed by Haber and van Oordt.^® 

It is a well-known fact that beryllium hydroxide must be washed with 
water containing an electrolyte to prevent the loss of colloidal beryllium 
hydroxide through the filter paper. Concerning colloidal beryllium hydroxide 
Weiser^ states, “While colloidal solutions of hydrous beryllium oxide have not 

* Contribution from the Laboratory of General Chemistry, University of Wisconsin. 

* An abstract from a thesis presented by Willard H. Madson, in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy, University of Wisconsin. 

‘ J. prakt. Chem., 66, 227 (1882); Z. anorg. Chem., 18, 126 (1898). 

* Mellor: A Comprehensive Treatise on Inorganic and Theoretical Chemistry,” Vol. 

V (1923). 

^ Atterberg: Kongl. Svenska Vet. Akad. Hand., 12, i (1873). 

Haber and van Oordt: Z. anorg. Chem., 38, 377-398 (1904). 

< Weiser: *The Hydrous Oxides,” p. 163 (1926). 
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been described in detail Bohm and Niclassen® prepared a clear concentrated 
sol by peptizing a freshly made gelatinous oxide with a small amount of 0.05 
M HCl. Since the gelatinous oxide runs through the filter paper when an 
attempt is made to wash out adsorbed salts there is little doubt that a pure 
sol could be prepared by thorough washing of the hydrous gel using the centri¬ 
fuge or supercentrifuge.’’ 

It was therefore the purpose of this investigation to prepare pure hydrous 
beryllium oxide sols and to study certa n of their properties. 

Preparation of Colloidal Hydrous Beryllium Oxide 

Attempts were made to prepare colloidal beryllium oxide by many of the 
well-known methods for the preparation of hydrous colloidal oxides, such as 
peptizing the precipitated hydroxide (beta) by various reagents, hydrolysis 
of salts under different conditions, etc. But in every case, however the condi¬ 
tions were varied, the solutions were perfectly clear (after standing a short 
time) and gave no colloidal tests, such as the Tyndall effect, cataphoresis or 
flocculation by electrolytes. 

Sols prepared by the method described by the authors® (developed during 
this investigation) contained some colloidal hydrous aluminum oxide. There¬ 
fore the beryllium salt was purified by conversion of the commercial carbonate 
(C.P) to the basic acetate and recrystallization several times from hot glacial 
acetic acid solutions. The basic acetate was converted to the chloride (for 
use in the preparation of sols) by boiling a small amount of the salt with a 
large excess of approximately six normal hydrochloric acid until a syrupy 
mass was formed. It was also found that in the preparation of the sols, a 
substitution of six inch porcelain casseroles for the pyrex beakers, greatly 
increased the concentration of the sols produced by the above method. 

Various methods were tried in an attempt to produce more concentrated 
sols. Syrupy beryllium chloride was slowly heated to a white paste and then 
poured into boiling water. A very concentrated sol was thus produced but 
after equilibrium of settling had been established, the sol was no more con¬ 
centrated than sols prepared by the casserole method. Sols were made by 
substituting various concentrations of sodium hydroxide solutions for the 
boiling water. Dilute solutions of the alkali acted like electrolytes, slowly 
coagulating the sols, while the more concentrated solutions dissolved the 
hydrous oxide presumably fonning a soluble beryllate. Dilute solutions of 
HCl were substituted for the water but this did not increase the stability 
or concentration of the sols, although stable sols were produced. The more 
concentrated solutions of the acid dissolved the hydrous oxide. 

It appeared that the heating of the salt and the formation of the ^‘basic 
chloride” before the addition of the water was most important in determining 
the character of the sols. A study was made to determine the temperature 
that would give the best results. Samples of syrupy beryllium chloride were 

^ Bohm and Niclassen: Z. anorg. Chem., 132, 5 (1924). 

* Madson and Krauskopf: J. Chem. Educ., 6, 334 (1929). 
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heated (by means of an oil bath) as follows: (i) at 167^-170^0. for five hours; 
(2) at i42®-i5o®C. for seventeen hours, and (3) at ii8®-i28®C. for seventy- 
two hours and after heating added to boiling water. Analyses of the sols thus 
produced (after they had been dialyzed for 4 days) showed no weighable 
beryllium oxide. Therefore the chloride must be quickly decomposed in order 
to produce the ^‘oxychloride” apparently necessary for the preparation of a 
stable sol. 

Twenty-four liters of colloidal hydrous beryllium oxide were prepared, 
February 15, 1930, using the following method: Pure basic beryllium acetate 
was converted to a syrupy chloride as previously described. Fifteen ml. 
portions of this syrup (containing about 5 g. of BeCU) were heated in six 
inch casseroles, using a small flame of an adjustable burner. When the 
material was nearly dry, that is when only a few syrupy bubbles were forming, 
the flame was turned up to full height and when the redness of the flame could 
be seen through the bottom of the casserole, one liter of boiling water was 
added. The sol thus formed was boiled for about a minute and then allowed 
to cool in the air in three-liter flasks. About thirty liters were prepared in 
this manner. After twenty-four hours the colloidal “solutions” were siphoned 
into a 24-liter pyrex Florence flask, leaving the beryllium oxide that had been 
heated too hot to form in colloidal suspension on the bottom of each of the 
three-liter flasks. The sol was designated as sol No. 24 L. The increased 
temperature just before the addition of the water produced colloidal systems 
which were from two to three times as concentrated as those prepared without 
increasing the temperature. Four months later this sol had a pH value of 
5.61 measured by means of a glass electrode. 

Sol No. 24 L was analyzed at various times by the following method: one 
hundred ml. portions of the sol were evaporated in a platinum crucible by 
means of an electric hot plate and afterward heated to constant weight by 
means of a Meeker burner, and weighed as beryllium oxide. Table I gives 
the results of the analyses. 

Table I 

Analyses of Sol No. 24 L 

Date of analysis 3-1-30 7-10-^30 7-16-30 2-4-'3i 

mg. BeOperl. 193 186 185 178 

Three sols were prepared by evaporating the beryllium chloride syrup 
nearly to dr3rnes8 in a quartz evaporating dish, then turning the flame up 
and quickly heating the dish and its contents to redness and immediately 
plunging it into a liter of boiling water. Very concentrated sols were thus 
produced but equilibrium of settling has not been established and therefore it 
is impossible to tell whether or not the sols will be more concentrated than the 
others. 
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Purification of the Sols 

The sols were dialyzed in the dialyzer described by gorura.^ The collodion 
bags were prepared from Mallinckrodt^s U.S.P. collodion. The perfectly 
clean 250 ml. Erlenmeyer flasks were partly filled with collodion. After a 
small amount had been poured out the rest was slowly allowed to flow out 
while the flask was completely rotated twice. The time of emptying was 
approximately fifteen seconds. The flask was then allowed to drain for thirty 
seconds, and then a moderate current of air passed into the flask for forty- 
five seconds. Afterward the flask was immediately filled with distilled water. 
One minute later the collodion bag was removed, the neck inserted and the 
collodion allowed to dry on the neck thus holding the bag. Before using, the 
bags were thoroughly washed with distilled water. They were never used 
more than three times, usually only once or twice. 

About two liters of distilled water were allowed to flow through each of 
the twelve batteries of the dialyzer each hour. With the exception of sol 
No. I yd (12), all sols were dialyzed at room temperature a few hours before 
they were heated to about 8o°C. Usually the sols were partly cooled before 
being removed. Small amounts of distilled water were added at various times 
to replace water lost by evaporation. All sols were kept in well-stoppered 
pyrex flasks. Utmost care was always exercised to prevent any contamina¬ 
tion of the sols. Table II summarizes the purification of the sols used in this 
investigation. The stock sol No. 24 L was the source of all sols mentioned in 
the table. 

Table II 

Summary of the Purification of the Sols 


Sol No. 

Total No. 
hrs. dial. 

Hrs. dial, 
hot 

mg. BeO 
per 1. 
after dial. 

Temp. 

C. 

lid 

108 

87 

63 

70-80 

12d 

lOI 

99 

57 

0 

00 

i 

0 

i 5 d 

M 3 

130 

53 

75-80 

i6d 

168 

162 

51 

7 S- 8 o 

T7d(l2) 

12 

12 

86 

7 S- 8 o 

17^(24) 

24 

19 

77 

75-80 

i7d(48) 

48 

44 

72 

75-80 

i7d(72) 

72 

68 

65 

75-80 

i8d 

97 

88 

64 

75-80 


In general dialyzed sols gave the following tests for chlorides when tested 
with acidified silver nitrate: dialyzed less than 50 hours, distinct test for 
chlorides; dialyzed so-100 hours, faint test for chlorides; dialyzed more than 
100 hours, no test for chlorides. Sols No. i8d. No. i7d(i2), and No. i7d(72) 
showed absolutely no precipitation during eight months. The other dialyzed 
sols had formed a very slight precipitate after they had stood for two weeks or 

^ Sorum: J. Am. Chem. Soc., 50 , 1263 (1928). 
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more. This slight precipitate may have been caused by slight contamination 
during the removal of samples for the determination of flocculation values. 
Some of the undialyzed sols have shown no precipitation in more than two 
years. 

Flocculation Values 

I. Theoretical, 

Hydrous beryllium oxide sols belong to the class of sols usually known as 
lyophobic or suspensoid colloidal systems. The stability of the sols is due to 
the three factors: (i) the Brownian movement, (2) attraction between the 
dispersed particle and the dispersion medium, and (3) the electric charge of 
the particle. The last factor is the most important in this case. 

It is generally conceded that the charge of a colloidal particle is due to the 
diffuse Helmholtz electric double layer. If this charge is destroyed the sta¬ 
bility of the sol is decreased and the sol, if a suspensoid, coagulates. It was 
first thought that it was necessary to completely neutralize the charge of a 
suspensoid in order to cause coagulation. This complete neutralization was 
called the iso-electric point. Later investigations of Powis® have indicated 
that a lowering of the potential of the interface to a certain characteristic 
value, which he calls the ''critical potential,” is sufficient to produce floccula¬ 
tion. 

Flocculation depends upon the probability of collision and upon the 
probability of adhesion. Murray® outlines four conditions for comparable 
work in the coagulation of colloids by electrolytes: (i) uniform size of colloidal 
particles, (2) uniform concentration of the colloids, (3) quick and uniform 
mixings of colloid and electrolyte, and (4) uniform treatment after mixing. 
Thus flocculation values vary with the method used in their determination. 
However, the values give a relative indication of the stability of the various 
sols. 

II. Experimental determination of flocculation values, 

a—Standard solutions. 

All solutions were carefully prepared, using calibrated weights and calibrated 
volumetric flasks. The solutions were kept in pyrex flasks. The preparation 
of the solutions is given in some detail because the flocculation values vary 
with the impurity of the solution. Concentrations are expressed in mols 
per liter of solution. 

Potassium Chloride: molar. MallinckrodCs reagent quality dried at i io®C. 

Potassium Acetate, .303 molar; Potassium Mono-chlor Acetate, .404 
molar; Potassium Di-chlor Acetate, .404 molar; Potassium Trichlor Acetate, 
.404 molar. The acetates were prepared by using a definite amount of 
standard KOH solution and neutralizing it with the respective acids using 
phenolphthalein indicator. (The potassium hydroxide solution was prepared 
from a saturated solution of C.P. KOH and standardized with a standard 
sulfuric acid solution.) 

* Powis: Z. physik. Chem., 89 , 186 (1915). 

® Murray: Chem. News, 123 , 277 (1921). 
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Potassium Chromate, molar/20. The C.P. salt was recrystallized from 
water solution and dried at 120W 

Magnesium Sulfate, molar/25. Mallinckrodt’s reagent quality MgS04.- 
7H2O, undried. 

Potassium Sulfate, molar/25. The C.P. salt was recrystallized several 
times from water and dried at iio°C. 

Sodium Sulfate, molar/25. Mallinckrodt's (dried) reagent quality, dried 
at no°C. 

Tertiary Potassium Phosphate, (K3PO4), molar/25: Mallinckrodt^s C.P. 
salt dried at iio®C. 

Primary Potassium Phosphate (KH2PO4) molar/25: Mallinckrodt^s C.P. 
salt was recrystallized several times from water solution and dried at iio®(\ 

Secondary Potassium Phosphate (K2HPO4.3H2O), molar/25: Large 
transparent colorless crystals of Mallinckrodt^s reagent quality potassium 
phosphate, dibasic; not dried. 

Tertiary Potassium Arsenate, (K8ASO4), molar/25: Mallinckrodt^s 
potassium arsenate was recrystallized three times from water and dried at 
io5"C. 

Potassium Ferricyanide, (K3Fe(CN)6) molar/25: Mallinckrodt^s reagent 
quality salt was not dried for previous experiments showed that drying did 
not change the flocculation power. Solutions were made using carbon dioxide 
free water and were always prepared just before using for their flocculation 
power changed slightly with age. 

Potassium Ferrocyanide, (K4Fe(CN)6.3H20), molar/50: Mallinckrodt's 
reagent quality potassium ferrocyanide was used. The salt was not dried for 
previous experiments showed that more uniform results were obtained with¬ 
out drying. The solutions were made with carbon dioxide free water and kept 
in “blackened^^ pyrex flasks. The flocculation power of ferrocyanide solutions 
kept in this manner remained practically constant for two weeks. 

b—Method and apparatus used in the determination of flocculation values. 

Test tubes: the five-inch pyrex test tubes were so thoroughly cleaned that 
the solutions would not stick to the sides of the tube. Utmost care had to be 
taken to have them absolutely clean or varying results were obtained. The 
test tubes were stoppered (when used) with carefully cleaned rubber stoppers. 

All pipets and the micro burets were calibrated before using. The prepara¬ 
tion of the solutions has been previously described. 

Procedure —The concentration of electrolyte, such that one to two ml. of 
the electrolyte added to two ml. of sol in a total volume of 5 ml. would cause 
complete flocculation within 24 hours, was first determined. Then this con¬ 
centration of electrolyte was placed in a calibrated micro buret which was 
graduated to 1/20 ml. Water was placed in the other micro buret which was 
graduated to i/io ml. Then various concentrations of the electrolyte were 
placed in test tubes by adding from o.i to 3.0 ml. of the electrolyte and mak- 
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ing up the total volume added to 3.0 ml. by adding the required amount of 
water from the other buret. Usually a rough run was first made by varying 
the electrolyte in each tube from 0.2 to 0.5 ml. To each of these solutions 
was added a ml. of the sol and the tubes stoppered. After the sol was added 
each tube was shaken five times. The sol was always added from a calibrated 
two ml. pipet and allowed to flow down the side of the test tube, never allowed 
to drop directly into the solution. The solutions were allowed to stand for 
twenty-four hours and the approximate flocculation value determined in this 
manner. 

After the approximate flocculation value was determined, solutions were 
made by varying the concentration of the electrolyte in the successive tubes 
by o.i ml. Usually duplicates of each of eight concentrations were used in 
each run. The lowest concentration of electrolyte which caused complete 
flocculation was usually easily determined. Often the sol in one tube of a 
series would be partly flocculated and in the next completely flocculated as 
was the case with all the others in which the electrolyte was more concen¬ 
trated. Occasionally there would be two tubes of partial flocculation but 
never more than two if the concentrations were varied by only o.i ml. of added 
electrolyte. It was practically impossible to determine what concentration 
produced complete flocculation if the data were taken by artificial light. 
Therefore all observations were made by daylight. 

In this work, flocculation value has been defined as the number of milli¬ 
moles of electrolyte per liter necessary to completely precipitate the sol within 
24 hours. The concentration is computed for the total volume of sol plus 
added electrolyte. 

c—Experimental results of the determination of flocculation values. 

Tables III, IV, V, and VI, give the flocculation values of sixteen different 
electrolytes, using different sols. All sols were not used in each determination 
but comparisons were made which showed that the values of all sols were in 
agreement. 

At first the technique required to obtain reproducible results was some¬ 
what difficult, but after this was developed the flocculation values were easily 
checked. No results were omitted which were obtained after such satisfactory 
technique had been developed for each electrolyte. Satisfactory results of 
the flocculation value of potassium chloride were very difficult to obtain. 
The technique was quickly developed for all the other electrolytes. 

Flocculation values of some electrolytes, such as potassium dichromate, 
could not be determined because the comparatively deep color of the solution 
made it impossible to visibly tell when flocculation was complete. The 
flocculation value of but one univalent inorganic anion (CD was determined 
because of the large value and therefore comparatively inaccurate results. 
Other univalent anions, such as nitrate, bromide, and iodide, were tried insofar 
as to be sure that their flocculation values were also comparatively large. 
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Table III 

Effect of Change of Valence of Inorganic Anions 
on Flocculation Value of Electrolytes 




mg.BeO 

Hours 

Flocculation 

Electrolyte 

Potassium 

Sol. No. 

per 1. 

dialyzed 

value 

chloride 

i6d 

52 

168 

240 





240 


i7d(72) 

6S 

72 

220 





220 


I7d(i2) 

86 

12 

220 

Potassium 




220 

chromate 

i6d 

52 

168 

0.22 





0.20 





0.20 


iSd 

53 

143 

0.24 





0.24 





0.24 


I id 

63 

108 

0.24 





0.20 


i 2 d 

57 

lOI 

0.24 





0 24 


i7d(72) 

65 

72 

0.22 





0.22 


i7d(48) 

72 

48 

0.24 





0.22 


i 7 d( 24 ) 

77 

24 

0.22 





0.22 


i 7 d(i 2 ) 

86 

12 

0.26 





0.26 


24 L 

185 

0 

1.20 





1.20 

Tertiary 




1.20 

potassium 

i 6 d 

52 

168 

0.048 

arsenate 

isd 

53 

143 

0.048 

0.044 

0.044 

0.040 

0.042 


i 8 d 

64 

97 

0.042 

Potassium 




0.042 

ferricyanide 

i 6 d 

52 

168 

0.026 


0.024 

0.024 

0.024 

0.026 

0.026 
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Electrolyte 

Potassium 

ferrocyanide 


Table III (continued) 
me. BeO 

Hours 

Flocculation 

Sol No. 

per 1 . 

dialyzed 

value 

i8d 

64 

97 

0.024 

0.024 

i6d 

52 

168 

0.008 


0.010 

0.008 

0.008 

0.010 

0.010 

0.009 

O.OII 

i5d 53 143 o.ooS 

i8d 64 97 0.010 

0.010 

0.010 

0.012 

0.012 


0.013 

0.013 

0.013 

Table IV 

Flocculation Values of the Potassium Acetates 




zng.BeO 

Hours 

Flocculation 

Electrolyte 

Potassium 

Sol No. 

per 1 . 

dialyased 

value 

monochlor- 

i8d 

64 

97 

145 

acetate 




US 





137 





US 

Potassium 




US 

dichloracetate 

i8d 

64 

97 

81 





81 

Potassium 





trichloracetate 

i8d 

64 

97 

73 





73 





73 

Potassium 




73 

acetate 

i8d 

64 

97 

67 


61 

57 

57 

57 

57 
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Table V 

Flocculation Values of Various Sulfates 


Electrolyte 

Sol No. 

mg. BeO 

Hours 

Flocculation 

per 1 

dialyzed 

value 

Magnesium 

sulfate 

i6d 

52 

168 

0.22 

0.22 


iSd 

53 

143 

0.22 

0.22 


12d 

57 

101 

0.22 

0.22 

Ammonium 

sulfate 

i6d 

52 

168 

0.22 

0.22 



53 

143 

0.22 

0.22 


i2d 

57 

lOI 

0.20 

0.20 

Potassium 

sulfate 

i6d 

52 

168 

0.20 

0.20 


iSd 

S 3 

.143 

0.20 

0.20 


isd 

57 

lOI 

0.22 

0.22 

0.20 

0.20 


i 7 d( 72 ) 

65 

72 

0.22 

0.20 


i7d(48) 

72 

48 

0.22 

0.22 


i 7 d( 34 ) 

77 

24 

0.22 

0.22 


i 7 d(i 3 ) 

86 

12 

0.22 

0.22 


24L 

i8S 

0 

0.26 

0.26 

Sodium 

sulfate 

i6d 

52 

168 

0.20 

0.20 


iSd 

S 3 

143 

0.20 

0.20 


isd 

57 

lOI 

0.20 

0.20 


0.30 

0.30 
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Table VI 


Flocculation 

Values of the 

Potassium Ortho Phosphates 



mg.BeO 

Hours 

Flocculation 

Electrolyte 

Sol No. 

per 1. 

dialyzed 

value 

Tertiary 

potassium 

phosphate 

i8d 

64 

97 

0.048 

0.048 

Primary 

potassium 

phosphate 

i6d 

52 

168 

0.044 

0.044 

0.044 


iSd 

S 3 

143 

0.044 

0.044 

0.048 


i2d 

57 

lOI 

0.048 

0.048 


i8d 

64 

97 

0.044 

0.044 


i 7 d( 72 ) 

65 

72 

0.048 

0.044 


17*1(48) 

72 

48 

0.048 

0.048 


17*1(24) 

77 

24 

0.048 

0.048 


i7d(i2) 

86 

12 

0.048 

0.048 


34L 

185 

0 

0.84 

0.84 

0.80 

Secondary 

potassium 

phosphate 

i6d 

52 

168 

0.032 

0.032 

0.034 

0.034 


isd 

53 

143 

0.032 

0.032 

0.032 

0.032 


i8d 

64 

97 

0.035 

0.035 

0.036 

0.036 


17*1(72) 

65 

72 

0.034 

0.034 
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There are several points to be given consideration concerning these floccula¬ 
tion values. First, all results for each electrolyte agree very closely with each 
other with the possible exception of those for potassium ferrocyanide. With 
the ferrocyanide one must take into account the fact that the solutions used 
were extremely dilute, and also that they change in the presence of light. 
Although this fluctuation was practically eliminated by using freshly pre¬ 
pared solutions and keeping them in the dark, it was impossible to get as good 
results with such unstable solutions. However the results of ferrocyanide ion 
show the order of magnitude of the flocculation value and considering all the 
variables they are in very good agreement. 

Second, the flocculation values are reproducible over a long period of 
time. This is especially shown with secondary potassium phosphate where 
more than two months elapsed between the first and last determinations. 
Also the last determinations were made with entirely new standard phosphate 
solutions. All values agreed with those previously determined irrespective 
of the time interval, though no determinations were made over a time in¬ 
terval of more than seventy-one days. 

Third, the flocculation values are of the same order of magnitude as those 
for ferric oxide.^® The values for ferric oxide are uniformly lower than those 
for beryllium oxide, especially for potassium chloride. The sols of ferric oxide 
are more concentrated than the beryllium oxide sols; this may account, in 
part for the variation. 

Table VII is a condensed summary of the flocculation values of hydrous 
beryllium oxide sols as given in the four preceding tables. This summary 
contains data for dialyzed sols only. 

Table VII 

Summary of the Flocculation Values of Colloidal Beryllium Oxide 



Floe. 

No. dif. 

No. values 

Electrolyte 

value 

sols 

averaged 

KCl 

227 

3 

6 

CH*ClCOOK 

143 

I 

5 

CHCUCOOK 

81 

I 

2 

CCUCOOK 

73 

I 

4 

CHaCOOK 

59 

I 

6 

KjCrOa 

0.229 

8 

18 

MgSOa 

0.220 

3 

6 

(NH4)aS04 

0.213 

3 

6 

K*S04 

0.211 

7 

16 

NasS04 

0.200 

3 

8 

K,P04 

0.048 

I 

2 

KH 2 PO 4 

0.046 

8 

20 

K^ 4 s 04 

0.044 

3 

8 

K,HP04.3H*0 

0033 

4 

14 

K,Fe(CN), 

0.0248 

2 

8 

KaFeCCN)* 
'Hazel and Sorum: 

0.0103 

J. Am. Chem. Soc., 53 , 49-54 (1931). 

5 

17 



COLLOIDAL HYDROUS BBRYLLIUM OXIDE SOLS 


3249 


The Influence of the Length of Time of Dialysis on Certain Properties of Hydrous 

Beryllium Oxide Sols 

a—Flocculation values. 

It is a well known fact that the properties of lyophobic and lyophillic 
colloidal systems are very dependent upon the purity of the system. There¬ 
fore dialysis markedly changes the properties of the sols. Often many colloidal 
systems are completely destroyed by dialysis, sometimes in a very few hours. 
After a certain purity is obtained further dialysis does not change the prop¬ 
erties to any noticeable degree. The time necessary to obtain this degree of 
purity is dependent upon the type of sol used, upon the impurities and stabiliz¬ 
ing materials present, and upon the method of dialysis. 

A study was made of the variation of flocculation values of certain 
electrolytes, for colloidal hydrous beryllium oxide sols, with the length of time 
of dialysis. The flocculation values of the four electrolytes, potassium chloride 
potassium chromate, potassium sulfate and primary potassium phosphate, 
were determined for the undialyzed sol No. 24 L and for other sols which had 
been dialyzed from twelve to one hundred sixty hours. The experimental 
results are given in Table VIII. 


Table VIII 

Flocculation Values for Beryllium Hydroxide Sols 
Variation with Time of Dialysis 


Sol No. 

Hours 

dialyzed 

KCl 

Electrolytes 

K2Cr04 K2SO4 

KHsPO, 

24 L 

0 

>600 

1.20 

0.26 

0 

00 

d 

i7d(i2) 

12 

220 

0.26 

0.22 

0.048 

i7d(24) 

24 

— 

0.22 

0.22 

0.048 

i 7 d( 48 ) 

48 

— 

0.23 

0.22 

0.048 

i7d(72) 

72 

220 

0.22 

0.21 

0.046 

i8d 

97 

— 

— 

— 

0.048 

i2d 

101 

— 

0.24 

0.21 

0.048 

iid 

108 

— 

0 22 

— 

— 

i 5 d 

143 

— 

0.24 

0.20 

0.04s 

i6d 

168 

240 

0.21 

0.20 

0.044 


The data show that the flocculation values for the electrolytes decrease 
rapidly at first, become practically constant after twelve hours of dialysis 
with the exception of those for potassium chromate and even these become 
constant after twenty-four hours. 

b—Concentration of the sols. 

The previous experiment led to a study of the change of concentration of 
the hydrous beryllium oxide sols with the time of dialysis. Table IX and 
Fig. I give the results of such a study. 
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Fia. I 

Variation of Concentration with the Length of Time of Dialysis 


Table IX 

Variation of the Concentration of Beryllium 
Oxide with Time of Dialysis 



Hours 

mg. BeO 

Sol No. 

dialyzed 

per 1. 

24 L 

0 

185 

I7d(i2) 

12 

86 

i7d(24) 

24 

77 

i7d(48) 

48 

72 

i7d(72) 

72 

65 

i2d 

lOI 

57 

iid 

108 

63 


143 

S 3 

i6d 

168 

52 


The data show that there is a rapid decrease of beryllium content during 
the first few hours of dialysis. After fifty hours there is a rather constant 
decrease as shown by the straight line part of the graph (Fig. i). It is im¬ 
possible to duplicate exactly the pore size of the membranes by the method 
used in the preparation of the sacs. This may account for the slight varia¬ 
tions in the decrease of beryllium content. 

The large decrease of BeO content during the first hours of dialysis was 
expected. The concentrations of the various sols were determined by evapora¬ 
ting a definite amount of the sol in a platinum dish, heating to redness and 
constant weight and weighing as beryllium oxide. Thus any soluble beryllium 
salt in the undialyzed or partly dialyzed sols was determined as the oxide and 
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not as its proper salt, and no account was taken of its solubility. Any soluble 
beryllium salt diffuses through the membrane very quickly. Thus the data 
show a large apparent decrease of colloidal beryllium hydroxide which is 
probably not the case but is largely a loss of soluble berylHum salts and a 
rather constant decrease of colloidal hydrous beryllium oxide. 

c—The hydrogen ion concentration of colloidal hydrous beryllium oxide 
systems. 

The colloidal systems of hydrous beryllium oxide as prepared were ap¬ 
parently the result of the hydrolysis of some basic salt or salts of beryllium. 
Therefore the undialyzed sols should contain some free acid and consequently 



Fig. 2 

The Influence of the Length of Time of Dialysis on the Hydrogen Ion 
Concentration of Colloidal Hydrous Beryllium Oxide Sols. 

have a pH value less than seven. This value should increase with dialysis. 
A study was made of the influence of dialysis on the hydrogen ion concen¬ 
tration of the sols. 

The hydrogen ion concentration of five sols were determined by means of 
the glass electrode and apparatus described by Hazel and Sorum.^^ 

Table X and Fig. 2 give the experimental data obtained. 

Table X 

The Influence of the Time of Dialysis on the Hydrogen Ion Concentration of 
Colloidal Hydrous Beryllium Oxide Systems 


Sol No. 

Hours 

dialyzed 

pH 

24 L 

0 

S-6i 

I7d(i2) 

12 

6.46 

17^(24) 

24 

6.86 

i8d 

97 

6.08 

i6d 

168 

7.00 


“ Hazel and Sorum: J. Am. Chem Soc., 53 , 49 (1931). 
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The Lyotropic Series and Hydrous Beryllium Oxide. 

The behavior of colloidal systems with added electrolytes shows certain 
trends some of which are illustrated by well known rules, i.e., Traube's rule, 
the Schulze-Hardy rule, the Burton-Bishop rule etc. One of the most general 
of such phenomena is the lyotropic series. The series vary for different 
colloidal systems expecially if the sols are of different classes. However they 
usually follow a general order. 

The following lyotropic series were obtained from the flocculation values 
for hydrous beryllium oxide sols as given in Table VII. Anions (increasing 
flocculation values): ferrocyanide, ferricyanide, secondary phosphate, tertiary 
arsenate, primary phosphate, tertiary phosphate, sulfate, chromate, acetate, tri- 
chlor acetate, di-chlor acetate, mono-chlor acetate and chloride. Cations (in¬ 
creasing flocculation values): Sodium, potassium, ammonium and magnesium. 

These series follow the general order of lyotropic series and agree especially 
well with the series for ferric oxide sols,^- the only reversal being the sulfate 
and chromate. 

Hydrous Beryllium Oxide Sols and the Irregular Series. 

Many colloidal systems, both lyophobic and lyophillic, exhibit the prop¬ 
erty of being either positively or negatively charged depending on the method 
of preparation or upon the dispersion medium and its impurities. Concern¬ 
ing the phenomenon of irregular series Kruyt^® states “it will always occur 
when the potential-lowering effect of the cation is far in excess of the potential¬ 
raising effect of the anion. This may be due to a high valence of the ion or to 
a high degree of adsorbability. Polyvalent cations give, therefore, irregular 
series when they are combined with monovalent anions. But monovalent 
organic cations act in the same way.” 

Von Kohei Hakozaki,^^ has shown that positive colloidal iron oxide can 
be recharged negatively by the addition of potassium ferrocyanide. This 
suggested that the charge of hydrous beryllium oxide sols might be reversed 
by the addition of various amounts of ferrocyanide. 

Table XI gives the various concentrations of potassium ferrocyanide added 
to sol No. 15d. In every case from molar o.oi 2 to molar 0.000008 ferrocyanide, 
there was complete flocculation within twenty-four hours, while with the 
more dilute solutions there was no flocculation. Thus it was impossible to 
change the charge of the sol by the above method using the stated concen¬ 
trations. If there had been a change of the charge there would have been a 
region of no flocculation somewhere above 0.000008 molar potassium ferro¬ 
cyanide. 

12 Weiser and Middleton: J. Phys. Chem., 24 , 641 (1920); Pauli and Wittenberger: Kol- 
loid-Z., 50 , 228 (1930)- 

** Kruyt: “Colloids,*' p. 90, trans. by van Klooster (1930). 

VoobKohei HakozaW: Kolloid-Z., 39 , 319 (1926). 
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Table XI 

Coagulation of Sol No. isd by Potassium Ferrocyanide 
(2 ml. of sol added to 3 ml. of electrolyte soln.) 


Cone, of 

Obser¬ 

Cone, of 

Obser¬ 

Cone, of 

Obser¬ 

K 4 Fe(CN)e 

vations 

K4Fe(CN)» 

vations 

K 4 Fe(CN )6 

vations 

0.012 

♦ 

0.00096 

4 c 

0.000080 

4 c 

0.0104 

♦ 

0.00080 

4 c 

0.000080 

4 c 

0.0088 

♦ 

0.00064 

4 c 

0.000056 

4 c 

0.0072 

* 

0.00060 

4 c 

0.000054 

4 c 

0.0056 

♦ 

0.00054 

4 c 

0.000048 

4 c 

0.0040 

♦ 

0.00048 

4 c 

0.000044 

4 c 

0.0032 

* 

0.00044 

4 c 

0.000040 

4 c 

0.0024 

* 

0.00040 

4 c 

0.000036 

4 c 

0.00208 

4 c 

0.00036 

4 c 

0.000032 

4 c 

0.00192 

♦ 

0.00032 

4 c 

0.000028 

4 e 

0.00176 

4 c 

0.00028 

4 c 

0.000024 

4 c 

0.00160 

4 t 

0.00024 

4 c 

0.000020 

4 c 

0.00144 

4 c 

0.00020 

4 c 

0.000016 

4 c 

0.00128 

4 c 

0.00016 

4 c 

0.000012 

4 c 

O.OOII 2 

4 c 

0.00012 

4 c 

0.000008 

4 c 


* Complete flocculation in 24 hours. Concentrations, mols per liter of total volume, 
concentrations less than 0.000008 molar did not cause flocculation in 24 hours. 


Discussion 

The previous descriptions of the various sols show that their properties are, 
in general, independent of the preparation except for the heat treatment 
just before the addition of the water. Many details of preparation (other 
than those already described) were varied in order to find out if the properties 
of the sols were changed thereby. Some sols were cooled immediately after 
preparation, others were allowed to cool at room temperature; some were 
dialyzed immediately after preparation, even before they had cooled, while 
others were dialyzed after several days, weeks, or months; still others were 
siphoned from various depths of an eight liter aspirator bottle of sol (after 
the sol had stood in the bottle for one month); but in no case were appreciable 
variations of the properties observed. 

Some of the sols were very milky white in appearance when they were first 
formed, afterward they gradually became less opaque because of the settling 
of the larger particles. Occasionally a stratification would form and the 
heavy layer settle slightly and then in about a week either rise again or be 
destroyed in some unknown manner. This phenomenon was observed when 
the sols were kept perfectly still and special care taken not to destroy the 
stratification. In a few cases the stratification would form and the heavy 
layer slowly and continually settle until the entire sol had the bluish white 
appearance of the upper layer. This continual settling of the heavy layer was 
observed only when the sols were very milky in appearance and apparently 
rather concentrated. Usually there was no stratification of any kind. 
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Several dialyzed sols were carefully frozen solid and allowed to melt at 
room temperature. In every case complete coagulation was caused by a 
single freezing and melting of the dialyzed sol. In no case was coagulation 
caused by freezing undialyzed sols even though some were frozen and allowed 
to melt several times. It was thus shown that dialysis decreased the stability 
of the sols. 

The decrease of the stability of the sols with dialysis was also illustrated 
by boiling. Undialyzed sols were not coagulated by continuous boiling (re¬ 
fluxing) for as long as one week. Boiling dialyzed sols caused them to slowly 
coagulate, the speed of this coagulation being dependent on the length of 
time of boiling. Also dialyzed sols changed appearance upon being boiled; the 
color changed from bluish white, nearly transparent, to definitely opaque 
milky white. This color change was not perceptible when undialyzed sols 
were boiled. With many sols there was no settling when centrifuged at 1200 
r.p.m. for an hour while a few sols were slightly coagulated by this treatment. 
These properties indicate that the sols were very stable and had the character¬ 
istics of lyophobic colloidal systems. 

Since the sols were prepared from beryllium chloride and water, it might 
seem that they were the result of simple hydrolysis of the salt with the forma¬ 
tion of colloidal beryllium hydroxide and hydrochloric acid; and thus also 
the stability be attributed to an excess of beryllium chloride similar to cer¬ 
tain theoretical explanations of the stability of colloidal hydrous aluminum 
and ferric oxide systems. 

The amount of chloride present in the sols decreased with continued 
dialysis from an easily detected amount after 12 hours of dialysis to no 
detectible amount (using acidified silver nitrate) after 140 hours. The floccula¬ 
tion values of electrolytes, and therefore the stability of the sols, remained 
constant during the same length of time of dialysis. Apparently, then, the 
sols are not the results of the simple hj’^drolysis mentioned above and their 
stability is not entirely due to the excess of beryllium chloride. 

The method of formation of the sols suggested that they may not be 
Be(()H)2 but some lower hydrate. Therefore the following experiment was 
carried out. 

Sols No. 28 and No. 29 were prepared from the stock sol 24 Jj by dialyzing 
for 100 hours. One month later no precipitate had formed in either sol and 
at that time each sol w^as coagulated by the addition of too ml. of M/500 
primary potassium phosphate. The supernatant liquid was decanted off 
and each of the precipitates separated from most of the water by centri¬ 
fuging. Each coagulum was then dried for one month, at room temperature, 
in sulfuric acid desiccators through which carbon dioxide free air was allowed 
to slowly pass. After one month each residue had become constant as was 
indicated by repeated weighings. The amount of phosphate present in each 
coagulum was calculated from the loss of phosphate in the supernatant liquid 
from each sol. The experimental data in Table XII show the loss of weight 
of hydrous beryllium oxide in each coagulum upon heating, (all weights given 
in grams). 




The data indicate that hydrous beryllium oxide sols are not colloidal 
beryllium hydroxide but a hydrous oxide in which there is less than one mole¬ 
cule of water for two molecules of beryllium oxide. This small amount of 
hydration is also indicated by the fact that solutions of ethyl alcohol of con¬ 
centrations varying from 2 59c to 8o% will not coagulate the sols within twenty- 
four hours, while even ethyl alcohol will coagulate but a few. It appears 
that the sols are not the result of simple hydrolysis but a complicated com¬ 
bination of decomposition and then hydrolysis (or partial hydrolysis) of the 
resulting product or products. Thus the stability of the sols may be due to: 
(i) some minute amount of beryllium chloride or oxy-chloride, (2) some minute 
amount of basic beryllium acetate, (3) the character of hydrolysis, (4) the 
slight hydration of the oxide, and (5) the amphoteric nature of the oxide. 

The slight hydration of the oxide tends to decrease the stability of the sol 
rather than stabilize it. This also explains, in part, why it was impossible to 
make more concentrated sols, for it is more difficult to make anhydrous oxide 
sols than those which are highly hydrated. Since the method of preparation 
used to make the chloride does not eliminate all acetate, the acetate must be 
considered in the stability factors although it was present in so small amounts 
that it could not be detected by the ordinary methods. 

The properties of highly purified colloidal hydrous beryllium oxide sols 
are very similar to those of highly purified hydrous ferric oxide sols with one 
exception, that of the Burton-Bishop rule. An attempt was made to determine 
the influence of the variation of the concentration of the sols on the floccula¬ 
tion values. Since all beryllium oxide sols that were prepared were compara- 
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tively very dilute, no convincing experimental data were obtained, for the 
amount of change of flocculation value decreases with the dilution of the 
original sol. It is quite probable that the Burton-Bishop rule might hold for 
beryllium oxide sols if a stable sol of sufficient concentration could be prepared. 

In general the flocculation values of the sixteen anions studied were of the 
order expected. The flocculation values of the various phosphates and 
acetates need explanation. 

Table VI gives the flocculation values of the primary, secondary, and 
tertiary potassium phosphates as 0.045, o-03 S> ^.nd 0.048 respectively. Accord¬ 
ing to the present theories of flocculation, coagulation is caused by the de¬ 
crease of the charge of the colloidal particle to a certain minimum called the 
critical potential. The flocculation is due also primarily to the ions of a 
charge opposite to that carried by the colloidal particle. Thus the flocculation 
of colloidal hydrous beryllium oxide sols must be due primarily to the nega¬ 
tive ions, for the sols are positively charged. Therefore some explanation 
must be given for the fact that primary and tertiary potassium phosphates 
have higher flocculation values than does secondary potassium phosphate. 

The ionization constants for phosphoric acid* have been given as 9.4 X lo"*, 
1.4 X io~', and 2.7 X 10“** for the first, second and third hydrogens respec¬ 
tively. Therefore the three phosphate solutions will effectively ionize as 
follows: 

KH2PO4 

KH2PO4 ^ K+ -t- H*P04" 

H2P04“ H+ -h HP04~~ 
hpo4“" 

HOH H+ -h OH- 

K2HP04 

K2HPO4 2K+ + HPO4'" 

HP04""?=iH+ + PO4”' 

HP04"“+ H+ H2P04“ 

HOH ^li+ + OH" 

K,P04 

K,P04 3K+ -I- PO4— 

HOH H+ -f OH- 

PO4-+ H+ HP04“ 

HPO4” -I- H+ H2P04~ 

Each solution contains the same ions and the only variations are in the 
number of ions and their proportions. Experiments have shown that the pH 
values for phosphate solutions of the concentrations used, increase from 3-5 
for the primary to about 8 for the secondary. Therefore the flocculation 
values can not be explained on any simple adsorption of hydroxyl or hydrogen 
ions, for if that were the case, there would be a regular change of the floccu- 


* Britton: “Hydrogen Ions,” p. 135 (1929). 
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lation values, either increase or decrease, from the primary, through the 
secondary to the tertiary phosphates. The flocculation values show that 
this is not the case. 

Also it is well known that the flocculation power of ions increases enor¬ 
mously from the monovalent, to the bivalent, to the trivalent, etc. There¬ 
fore PO-ion should have a much greater flocculating power than either 

HP04'“ ■“ or H2P04“, with the last having the least flocculating power of the 
three ions. Ionization constants show that, for phosphate solutions of the 
same molar concentrations, the tertiary phosphate solution has the greatest 

number of PO4-ions. Therefore the tertiary phosphate might be expected 

to have the greatest flocculation power. Again data show that this is not 
the case. 

Simple ionization and adsorption alone do not explain the differences of 
flocculation values of these phosphates. 

Beryllium oxide and hydroxide are thought to be amphoteric and thus 
their properties are changed as the pH of the solutions changes. Therefore 
the solubility of the hydroxide (or oxide) changes with the pH of the solution, 
and there must be a minimum solubility at some definite pH Value, which may 
be called the ^^minimum solubility pH.^^ As the pH of the solutions changes 
from approximately 3-5 with the primary phosphates to about 9 with the 
tertiary, phosphate, this pH of minimum solubility of the hydroxide is passed. 
It is also reasonable to assume that the properties of the colloidal oxide or 
hydroxide also change with the amphoteric nature of the compounds, thus 
having a minimum stability of the sols at or near the transition pH for the 
change from basic to acidic properties of the oxide. Then also it is easily 
seen why the secondary phosphate, which has an intermediate pH value to 
the other two phosphates, should have a higher flocculating power than 
either the primary or tertiary phosphates. The secondary phosphate solu¬ 
tion has a pH value nearer the pH of minimum stability of the sol and the sol is 
more easily coagulated under those conditions, which gives the secondary 
phosphate lower flocculation value. The other two phosphate solutions have 
pH values farther away from this pH of minimum stability and therefore the 
sol is more stable and the salts have higher flocculation values. However 
more work should be done to definitely prove that this and other sols of 
amphoteric oxides have a decreased stability at some rather definite pH value 
of the system. 

Table VII shows that the flocculation power of the acetates decrease in 
the order, CHbCOQ-, CCUCOQ-, CHCUCOQ-, and CHaClCOO-. The 
flocculation value of the potassium salts of the acetates are 59, 73,81, and 143, 
respectively. 

Neither the order of the increasing degree of dissociation of the acids, 
the order of the increasing molar conductances of the salt, nor the order of the 
increasing ionic mobilities of the acetate ions, follows this order of increasing 
flocculation values. Also there is not suflScient variation in the conductance 
and in the ionic mobilities to account for the large variation of the floc¬ 
culation values. 
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Thus the flocculation values are dependent upon the three properties, 
ionization, adsorbability and the size of the ions. The acetate has the greatest 
flocculation power for it is highly adsorbed due to its organic nature. The 
other three acetates are all organic but their degree of ionization increases 
with increase of chlorine content. Thus of the three chloride substituted 
acetates the flocculation power decreases in the following order: tri-chlor- 
acetate, di-chloracetate and mono-chloracetate. 

Summaiy 

1. A new method for the preparation of hydrous beryllium oxide sols has 
been developed, and a study made of the effect of changing the conditions of 
preparation. 

2. A detailed study has been made of certain properties of highly purified 
colloidal hydrous beryllium oxide systems. 

3. The flocculation values of sixteen different electrolytes for hydrous 
berylhum oxide have been determined by the classical method. 

4. The nature of the coagulum of hydrous beryllium oxide sols has been 
determined. 

5. A study has been made of the influence of the length of time of dialysis 
of hydrous beryllium oxide sols on:- 

a) flocculation values of various electrolytes 

b) the concentration of the sols 

c) the hydrogen ion concentration of the sols. 

6. Theoretical explanations have been given for:— 

a) the variations of the flocculation values of the phosphates and of 
the acetates. 

b) the change of concentration of the sols with the length of time of 
dialysis. 

c) the change of flocculation values of electrolytes with the length 
of time of dialysis. 

d) the stability of hydrous l)eryllium oxide sols prepared by the 
method developed in this investigation. 

Madison, Wisconsin 
June, 1931, 



THE SOLUBILITY RELATIONS OF THE ISOMERIC 
DIHYDROXYBENZENES* 

BY W. H. WALKEB, A. B. COLLETT AND C. L. LAZZELL 

In previous communications to this Journal, Collett and Lazzell have re¬ 
ported a series of measurements of solubility for several systems of disubsti- 
tuted benzene derivatives, namely the nitranilines,^ the aminobenzoic acids,* 
and the nitrobeilzoic acids.* A survey of the literature revealed that no sys¬ 
tematic investigation of the solubilities of the dihydroxybenzenes in a series of 
solvents has ever been reported. Most of the data obtained by previous 
investigators has been collected by Seidell.^ Lang* has obtained complete data 
for the solubilities of these isomers in acetone. The present investigation was 
undertaken with the primary object of obtaining data for another system of 
disubstituted benzene derivatives which could be used in our study of the 
solubility relations of systems of this type. Incidentally these solubiUty 
measurements are of value, since the dihydroxybenzenes are of considerable 
commercial importance. 

In this paper are presented solubility measurements, from about 2 5®C to 
the respective melting temperature of the solute, for the three dihydroxy¬ 
benzenes in benzene, carbon tetrachloride, water, acetone and absolute ethyl 
alcohol. Chloroform and ether were also used as solvents but it was found 
impossible to secure reliable data for quinol in chloroform and for resorcinol in 
ether. A few of the values recorded in Seidell and the International Critical 
Tables have been incorporated with the data presented herein, so as to secure 
greater ranges of temperature for purposes of interpolation. Each of the 
values so used has been properly identified in the tables which are included in 
the body of this report. 

Materials 

In the preliminary attempts to purify the isomers it was observed that the 
products of crystallization were susceptible to the influence of sunlight and 
air. (Crystals, which were obtained in transparent condition, soon became dis¬ 
colored upon exposure to air and sunlight, especially in the case of quinol. 
Because of this fact all further purification of the isomers was carried out in a 
dark room and the purified materials were dried and kept in an atmosphere of 
hydrogen over calcium chloride or sulfuric acid. On observing these precau- 

* Presented before the Division of Physical and Inorganic Chemistry at the Cincinnati 
Meeting of the American Chemical Society, September, 1930. 

I Collett and Johnston: J. Phys. Chem., 30 , 70-82 (1926). 

‘ Lazzell and Johnston: J. Phys. Chem., 32 , 1331-41 (1928). 

•Collett and Lazzell: J. Phys. Chem., 34 , 1838-47 (1930). 

•A. Seidell: “Solubility of Inorganic and Organic Compounds” 2nd Ed.: Vol I, pages 
323, 575 and 580, Vol. II, pages 1234,1383 and 1389. 

• International Critical Tables, Vol. IV, page 111. 
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tions the discoloration of the purified material was avoided. This action of 
air and sunlight may account for the wide divergence in the melting points 
which have been recorded in the literature for these compounds. Two solvents, 
water and alcohol, were employed in the purification of the solutes by repeated 
crystallization; the process being carried out until no further change in the 
melting point was observed. All melting points were secured by the capillary 
tube method using thermometers certified by the Bureau of Standards and 
corrected for stem emergence. 

Catechol: The best grade of catechol secured from the Eastman Kodak 
Company melted at 103-104° C; the purified product melted at 104.4-104.6° C. 
International Critical Tables give 105° C. 

Resorcinol: Merck's U. S. P. resorcinol was purified and yielded a product 
melting at 109.4° C. International Critical Tables give 110° C. 

Quinol: J. T. Baker's C. P. quinol was purified and yielded fine glistening 
needle shaped crystals, whose melting point was 172.9° C. International 
Critical Tables give 170.5° C. 

Andrews, Lynn and Johnston,^ purifying these isomers by sublimation in 
an atmosphere of carbon dioxide, obtained the following melting temperatures 
by means of time-temperature cooling curves using thermocouples: catechol, 
104.3° C; resorcinol, 109.6-109.7° C; and quinol, 172.3° C. The melting points 
obtained by Andrews, Lynn and Johnston would naturally be expected to be 
somewhat lower than those obtained by the capillary tube method owing to 
the error of super heating which is inherent in this method. 

Acetone: C. P. acetone was dried over calcium chloride and twice distilled 
using a Glinsky column; the fraction used boiled between 55.9-60.0° C at 
747 mm. 

Ethyl Alcohol: 95% ethyl alcohol was refluxed with lime, distilled, dried 
with sodium and redistilled twice; the major fraction boiled at 78.4° C' under 
760 mm pressure. 

Benzene: Thiophene free Kahlbaum benzene was dried over sodium and 
distilled; redistillation yielded a major fraction boiling between 80.3-80.4° C 
at 760 mm. 

Chloroform: Merck C. P. chloroform, dried over calcium chloride, was 
twice distilled and the final fraction was secured at 60.3-60.4° C and 737 mm. 

Carbon tetrachloride: C. P. carbon tetrachloride, dried over calcium chloride 
was twice distilled using a Glinsky column; the major fraction boiled at 
75.1-75.2° C at 740 mm. 

Ether: U. S. P. material was washed three times with distilled water, dried 
over calcium chloride and twice distilled. The fraction boiling at 34.7-34.9° C 
at 760 mm was used. 

Method 

The experimental data on solubility presented in this article were chiefly 
obtained by the synthetic method. This consists essentially of subjecting 
known quantities of solute and solvent, which are sealed in small glass bulbs, 

^ J. Am. Chem. Soc., 48, 1282 (1926). 
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to a very gradual rise in temperature and recording the point at which the 
last crystal goes into solution as the saturation temperature. Details of the 
method used in obtaining these solubility measurements may be found in a 
previous paper.^ A sketch of the apparatus employed is shown in Fig. i. 
One important modification in the procedure was made necessary by the fact 
that if air was allowed to remain in the small glass bulbs, oxidation of the 
solute aipparently took place, especially at the higher temperatures. This 
difficulty was avoided by sweeping out the air with dry hydrogen just before 
the bulb was sealed. 



Fig. I 

A—^Electric Hotplate—^3 heats 
B—4 liter Pyrex Beaker 
C—Sample Bulb 

D—Faraday six-inch bell with gong removed 

Several determinations of solubility for these isomers at 25® C were made 
by an analytical procedure. The values so obtained are indicated in the table 
of results. The procedure was as follows: duplicate samples of the given solute 
were placed in 250 c.c. ground glass stoppered bottles with the chosen solvent; 
care being taken to have an excess of solute present. These bottles were then 
suspended in a thermostat at 25 ± o.i® C and kept there for 24 hours with 
frequent shaking. The solute was then allowed to settle for an hour and 
samples of the solution (50 to 100 c.c.) secured by means of pipettes equipped 
with filter plugs; transferred to tared glass stoppered Erlenmeyer flasks and 
immediately weighed. The solvent was then removed by evaporation at room 
temperature under reduced pressure (about 20-30 mm) and the amount of 
solute present obtained by again weighing the flasks. The results presented 
in the tables are in all cases the mean of at least two measurements. 

^ Collett and Lazzell: J. Phys. Chem., 34, 1839 (1930). 
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Experimental Results 

The experimental measurements of solubility which were obtained for the 
three dihydroxybenzenes are listed in Tables I-III; C being the molal per¬ 
centage of each isomer (C == 100 N, where N is the mol fraction of the di- 
hydroxybenzene) and t, the temperature in degrees centigrade. A few values 
taken from Seidell (loc. cit.) are indicated by * and a few taken from the 
International Critical Tables by t- Values which were obtained by the 
analytical method previously described may be identified by t which follows 
them. All other data given below were obtained by the synthetic method. 
Thermometers used were calibrated by comparison with thermometers 
certified by the United States Bureau of Standards. 

Table I 

Experimental Values of the Solubility of Ortho-dihydroxy- 
benzene (Catechol) in Terms of Mol Percentage 
Benzene Chloroform Carbon tetrachloride 


c 

t 

c 

t 

c 

t 

100.00 

104.5 

100 00 

104.5 

100.00 

104.5 

83 59 

97.0 

85.29 

98.0 

85.97 

98.3 

74.85 

93-3 

71.98 

92.0 

72.31 

94.6 

61.32 

88.9 

59-12 

86.6 

59.08 

92.6 

48.52 

85.1 

46.21 

82.3 

45-74 

91.5 

34.81 

82.0 

35-93 

79.0 

-36.36 

91.1 

20.03 

77.2 

21.37 

73.7 

19-45 

90 5 

11.05 

70 6 

10.69 

65.8 

10.47 

88.5 

5.29 

59-6 

5.49 

55-3 

4 35 

83.5 

0.862! 

25.0 

2.322! 

25.0 

0.156} 

25.0 

Acetone 

Water 

Alcohol 

C 

t 

C 

t 

C 

t 

100.00 

104.5 

100.00 

104.5 

100.00 

104.5 

82.21 

91.0 

47.11 

66.2 

96.05 

loi. 7 

70.78 

77.4 

37.23 

57.1 

69.84 

8 r .5 

58.66 

53.2 

37.10 

56.7 

59-10 

67.9 

SS-I t 
49 -5 t 

42.2 

18.0 

23.01 

6.88* 

41.2 

20.0 

45-45 

43-1 


Ether 

C t 


100 

00 

, 104 

.5 

00 

53 

95 

.0 

73 

37 

85 

.6 

56. 

13 

60. 

•5 

41. 

03 

9 

,8 


* Seidell: “Solubilities of Inorganic and Organic Compounds/^ Vol, I and II, Second 
Edition. 

t International Critical Tables, Vol. IV, page in. 
t Analytical data. 
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Table II 


Experimental Values of the Solubility of Meta-dihydroxybenzene 
(Resorcinol) in Terms of Mol Percentage 


Benzene 

Chloroform 

Carbon tetrachloride 

c 

t 

c 


c 

t 

100.00 

109.4 

100.00 

109.4 

100.00 

109.4 

8517 

loi. 7 

85.19 

102.3 

85-31 

104.1 

68.56 

97-3 

Two liquid layers 

Two liquid layers 

Two liquid layers 

5-68 

90.0 

0.84 

100.7 

9-34 

93-4 

5-15 

89-4 

0.65 

95-4 

5.16 

87-4 

o.52it 

25.0 

o.23it 

25.0 

2.95 

79-3 

Triple point 94.8®C. 

Triple point 103.7®C. 

2.02 

72.6 





1.14 

61.1 





o. 244 t 

25.0 





Triple point 95.9®C. 





Acetone 

Water 

Alcohol 

c 

t 

c 

t 

C 

t 

100.00 

109.4 

100.00 

109.4 

100.00 

109.4 

85-49 

983 

72.15 

88.5 

81.92 

95-8 

67 -93 

75*1 

63.28 

80.5 

67.85 

83.8 

59-12 

51.8 

53-95 

70.7 

53-13 

60.1 

49-5 t 

12.0 

48.62 

64-4 

39-34* 

20.0 



37.80 

50.4 

37-2 * 

10.4 



36.76 

49-3 





33-18 

44-5 





26.35 

33-61 




* A. Seidell: “Solubilities of Inorganic and Organic Compounds/^ Vol. I and II, Second 
Edition. 

t International Critical Tables, Vol. IV, page in. 
t Analytical data. 


Table III 

Experimental Values of the Solubility of Para-dihydroxybenzene 
(Quinol: Hydroquinone) in Terms of Mol Percentage 
Acetone Benzene Water 


c 

t 

C 

t 

c 

t 

100.00 

172.9 

100.00 

172.9 

100.00 

172.9 

82.84 

160.3 

81.68 

163.8 

65.18 

147.2 

71-55 

148.4 

75.06 

16I .0 

60.35 

141.8 

58.78 

131-3 

68.03 

M 

00 

00 

52-95 

136.0 

46.45 

105-3 

Two liquid layers 

49-11 

131-7 

40.61 

90.2 

13-21 

154.1 

39-24 

120.3 

38.37 

82.4 

5 70 

143-2 

35-29 

114.6 

35-17 

69-5 

5 21 

141.2 

13-55 

81.9 

34-11 

66.5 

0.0364^ 25.0 

10.25 

75-3 

29-54 

58.8 

Triple point 157. i®C. 

1.19* 

25.0 

25.98 

54-8 



i.i6* 

20.0 

21.25 

45-6 
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Ether 

Table III (continued) 

Carbon tetrachloride 

Alcohol 

C 

t 

C 

t 

C 

t 

100.00 

172.9 

100.00 

172.9 

100.00 

172.9 

57.78 

145.0 

86.73 

167.2 

93.85 

167.9 

46.06 

133.2 

Two liquid layers 

67.61 

146.0 

35.24 

117.3 

1.89 

154-0 

57.05 

134.5 

21.62 

89.9 

1.42 

147-3 

44.33 

115.1 



0.8s 137.3 

0.69 132-4 

o.ooSiI 25.0 

Triple point 163.2°C. 

34.71 

22.18 

91.2 

43-0 


* Seidell: ^‘Solubilities of Inorganic and Organic Compounds,” Vol. I and II, Second 
Edition. 

t International Critical Tables, Vol. IV, page 111. 

t Analytical data. 

The results presented in the above tables have been plotted on a large 
scale in terms of C versus t and from these curves values of solubility have 
been obtained at ten degree intervals of temperature. Table IV was con¬ 
structed from these values. In a few cases extrapolations were made beyond 
the experimental data but where this was done the values have been enclosed 
in parentheses. From the integrated form of the ideal solubility equations 
have been calculated the values listed under the column headed ^Tdeal.^^ 
These calculations were based on a changing value for AH, the molal heat of 
fusion, with temperature. The dependence of AH on temperature has been 
expressed by the following equations which were obtained by Andrews, Lynn 
and Johnston^ from calorimetric measurements. 

Dihydroxy benzenes 

Ortho AH = 3563 + 23.49t — o.o53t^ calories 

Meta AH = 3172 + 23.25t — o.obit'* calories 

Para AH = 3167 + 23.oot — o.o22t^ calories 

When these expressions are converted to functions of the absolute tempera¬ 
ture they yield the following: 

Ortho AH = —6800 + 52.43T — 0.053T2 

Meta AH = —7724 + 56.57T — o.o6iT^ 

Para AH = —4752 + 25.01T — 0.022T2 

The insertion of these expressions for AH in the unintegrated form of the 
ideal solubility equation = ^^and its subsequent integration between 
the limits Ta and T gives 

log Na = + K, log ^ + Ks (Ta-T) 

1 J. Am. Chem. Soc., 48,1281 (1926). Details of the method of calculation may be found 
in J. Phys. Chem., 29, 1041 (1925). 




Solubility of the Dihydroxy benzenes in Various Solvents as interpolated at a Series of Temperatures, 

expressed in Terms of Mol Percentage 

Ortho (m. p. 104.5) 
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where Na is the mol fraction of solute, Ta the melting temperature of the 
solute, and T any absolute temperature at which the solubility is desired. 
In the above expression all the constants have been grouped as Ki K2 and K3, 
and below are listed the values calculated for each isomer. 



Ta 

Ki 

K, 

Ka 

Ortho 

377-5 

3 931 

— 26.38 

0.01156 

Meta 

3824 

4.408 

— 28.42 

0.01332 

Para 

44 S -9 

2.324 

— 17.60 

0.00480 


Discussion of Results 

It will be noted that no data are given in the above tables for quinol in 
chloroform. Attempts were made to secure such data but it was noticed that 
successive determinations of the saturation temperatures of bulbs containing 
low concentrations of quinol gave lower and lower results. In higher mol 
concentrations of quinol the solute darkened with melting and two liquid 
layers were produced. In a particular instance one of the bulbs exploded 
with considerable violence. These phenomena indicated that there was a 
probable reaction between solute and solvent with ultimate decomposition. 
In order to further investigate this probable reaction between quinol and 
chloroform, a quantity of each of these substances was placed in an autoclave 
and heated to 12 5® C for several hours. A cursory examination of the reaction 
mixture revealed that only carbonaceous material remained and that con¬ 
siderable quantities of hydrogen chloride had been formed. 

It will also be noted that no data are given for resorcinol in ether. When 
bulbs containing 3 to 45 mol per cent of resorcinol were made it was found that 
the saturation temperature was below 30® C. However on standing, a light 
brown solid precipitated and in the case of a bulb containing 5 mol per cent no 
apparent solution of this precipitate was noticed even at twenty degrees 
above the original saturation temperature. A bulb containing 55 mol per 
cent of resorcinol gave a saturation temperature of 69® on the first trial; 67® 
on the second and 65.5® on a third trial. Mol concentrations of resorcinol 
higher that 55 per cent formed solutions so viscous that proper agitation of 
the crystals in the bulb was impossible. Thus no reliable data could be ob¬ 
tained. This anomalous behavior of resorcinol in ether may be due to com¬ 
pound formation and seems worthy of further investigation. 

Fig. 2 is a plot of the data obtained in this investigation. By referring to 
the curves for the ortho compound it will be noted that the solvents employed 
form curves of two general types; those showing only simple curvature, such 
as acetone, falling in one group and those showing double curvature, such as 
CClij falling in another. The solvents in the first group are mainly polar 
liquids, while those of the second group are non-polar. It is interesting to 
note the position of the various curves with respect to the ideal curve. Those 
for alcohol, acetone and ether fall below the ideal; that for water almost 
coincides with the ideal, and those for chloroform, benzene and carbon tetra- 
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chloride are at a considerable distance above the ideal. Intersection of the 
alcohol and ether curves occurs at 69 mol per cent and of the ideal and water 
curve at 37 mol per cent. 

Inspection of the curves obtained for the meta isomer show the same 
grouping of solvents, as was noted in the case of the ortho compound; the 



Fig. 2 


polar liquids, such as acetone, possessing high solvent power and the non¬ 
polar liquids low solvent power. In fact the non-polar group of solvents 
possesses such low solvent power that the solute melts to form a second liquid 
layer before solution takes place. No attempt was made in the cases of chloro¬ 
form, carbon tetrachloride and benzene to determine the critical solution 
temperature and no particular efforts were made to secure accurate values for 
the triple point. Only one pair of curves intersect, namely that for chloroform 
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and benzene. For resorcinol the curves for the polar solvents all lie below the 
ideal and non-polar all lie above. 

Referring to the curves for para dihydroxybenzene it will be observed that 
again the polar liquids are the best solvents; the non-polar group forming two 
liquid layers as in the case of resorcinol. As before the critical solution tem¬ 
perature was not determined and only the approximate value of the triple 
point recorded. Two intersections will be noted, water and ether at 32 mol 
per cent and acetone and alcohol at 24 mol per cent. This last intersection is 
discussed more fully in a succeeding paragraph since it is produced by com¬ 
pound formation. In this instance the acetone and alcohol curves lie below, 
the water and ether slightly above, and the chloroform and benzene curves far 
above the ideal curve. 



A graph of the solubilities of the three isomers in acetone is shown in Fig. 3. 
This figure is of interest for two reasons: first because of the crossing of the 
solubility curves for oatechol and resorcinol at about 63 mol per cent, signify¬ 
ing that resorcinol is the more soluble below 64® C even though its melting 
temperature is higher than that of catechol; and second because of the abrupt 
change of slope in the curve for quinol. This break in the curve occurs at 62° 
and 33 mol per cent and indicates compound formation between quinol and 
acetone. When the curve for the compound is extended as shown by the 
dotted line, in Fig. 3, a maximum is reached at about 50 mol per cent which 
indicates an unstable compound of i mol of acetone to one of quinol with a 
melting point of 68 to 69® C. Lang^ had previously worked on the solubility 
of the isomers in acetone and our results show good agreement with his in the 
cases of catechol and resorcinol. Our data for quinol, however, do not agree at 
all since he reports the formation of a compound of i mol of acetone and i mol 
of quinol which has a melting temperature of 148® C. Since the original data 


^ International Critical Tables, Vol. IV, page in. 
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of Lang is found in his thesis (Zurich) and appears not to have been published 
elsewhere it has not been available for comparison with the data as published 
in the International Critical Tables. This compound formed by i mol of 
acetone and i mol of quinol was previously reported by S. Habermann^ who 
noted its very unstable character when exposed to air. 

The solubility curves for the three isomers in ethyl alcohol all show the 
same type of curvature. The values given by Speyers^ for resorcinol in alcohol 
deviate considerable at temperatures above 40° from those recorded in this 
article. Water, of all those investigated, is the solvent which most nearly 
forms ideal solutions with the dihydroxybenzenes; the curve for quinol lying 
just above the ideal, that for resorcinol below and that for catechol crossing 
the ideal curve. Comparison of our data with that of Speyers (loc. cit.) for 
resorcinol and water again shows deviations which increase with increasing 
temperatures. Apparently there seems to be some factor in the method 
employed by Speyers which causes inaccuracies in the results obtained at the 
higher temperature. This error in the method used by Speyers has also 
been observed and discussed by other workers,® who were unable to check 
data given by Speyers. Ether forms solubility curves of the same general 
type with catechol and quinol and may be considered a very good solvent 
for these compounds. As previously explained no reliable data could be ob¬ 
tained for resorcinol in ether. Chloroform was not found to be very satis¬ 
factory as a solvent since it possesses low solvent power for the dihydroxy¬ 
benzenes. The curve for catechol shows a reverse curvature which indicates 
that the region of two liquid layers is not far distant. Resorcinol in chloro¬ 
form has a region of two liquid layers between 12-62.5 mol per cent. Quinol 
also reached this region of two liquid layers with chloroform but as stated at 
the beginning of this discussion a reaction apparently takes place with de¬ 
composition of the solute. Benzene is a very poor solvent for quinol and 
resorcinol since in these two cases a region of two liquid layers exists, for the 
former between 5 and 7 5 mol per cent and for the latter between 16 and 60 mol 
per cent. Although there is only a difference of five degrees between the melt¬ 
ing point of catechol and resorcinol yet that is sufficient to remove the catechol 
and benzene from the region of two liquid layers. The curve does however 
show the double curvature characteristic of the near approach to that field. 
The only data available in the literature for comparison was that of Roth¬ 
mund.^ The agreement is not very close except in the case of the triple 
point determination and a few determinations at lower temperatures. By 
far the most unsatisfactory solvent for the dihydroxybenzenes is carbon 
tetrachloride which forms two liquid layers with quinol and resorcinol over 
the greater range of concentrations. In case of catechol no region of two 
liquid layers was observed but it will be noted that the greater portion of the 
curve lies about parallel to the concentration axis, indicating a very close 
approach to the four phase region. 

^ Monatsheft., 5, 329 (1884) through Abstracts J. Chem. Soc., 48, 53 (1885). 

‘ Seidell: loc. cit. 

* H. Lee Ward: J. Phys. Chem., 30,1317 (1926); Sunier: J. Phys. Chem., 34,2582 (1930). 

*Z. physik. Chem., 26, 475 (1898). 
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Comparison of this system of isomers with the nitro benzoic acids (loc. 
cit.) shows considerable variation with respect to the solvent power of the 
various liquids over a range of temperature. Owing to the frequent crossings 
of the curves for this system it is impossible to assign a definite order of solu¬ 
bility for the solvents, as was done for the nitro benzoic acids, since this may 
vary for the same isomer depending on the particular temperatures selected. 
A consideration of the completed results of this investigation yields further 
evidence in support of the statement made in a previous communication* 
that the validity of certain rules of solubility which are current may be 
seriously questioned. 

A study of the curves in Fig. i for the isomers in benzene reveals that if a 
mixture containing all three of the isomers were subjected to repeated crystal¬ 
lization from this solvent it would be possible to obtain pure catechol. Details 
of the method used to calculate the number of crystallization necessary for 
complete separation may be found in a previous article.® 

Summary 

The solubility curves of the three dihydroxybenzenes were determined 
from approximately 2S°C to the respective melting temperature, in carbon 
tetrachloride, benzene, ethyl alcohol, water, acetone, chloroform and ether. 
Reliable data for resorcinol in ether, and quinol in chloroform could not be 
obtained. The synthetic method was employed except in a few determina¬ 
tions at 25°C which were secured by an analytical method. Evidence sup¬ 
porting the existence of an unstable molecular compound of one mol of 
quinol to one of acetone has been obtained. 

A brief discussion of the results and a comparison with previous data 
are given. 

Department of Chemistry, 

West Virginia University, 

Morgantown, West Virginia. 

' Collett and Lazzell: J. Phys. Chem. 34, 1846 (1930). 

* Collett and Johnston: J. Phys. Chem., 30, 70 (1926). 
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BY ALLAN R. DAY 

In previous work' quantitative data were obtained on the behavior of the 
rare earth oxides as catalysts for vapor phase oxidation as compared with 
copper oxide as a catalyst. The effect of addition of various amounts of a 
rare earth oxide (Sm208) to copper oxide was also studied. In order to ob¬ 
tain more positive information as to the role which the rare earth oxide plays, 
it was decided to study the effect of samarium oxide on the catalytic prop¬ 
erties of metallic silver in the oxidation of ethyl alcohol. 

Experimental 

The apparatus used was essentially the same as in the previous work. 
The only exception being that the steam jacket which was used as a pre¬ 
heater was replaced by a pyrex coil enclosed in an asbestos box and main¬ 
tained at a uniform temperature by means of a small burner. The burner 
was regulated so that the mixture of air and alcohol left the coil at a tempera¬ 
ture of ios°(' db j®. Preliminary work showed that the temperature of this 
gaseous mixture was an important factor. Up to t 45®C. .the yield of aldehyde 
was not affected but above that temperature an appreciable drop in yield was 
noted, even when the catalyst temperature would otherwise have been low. 
It is obvious that unless the catalyst temperature can be kept constant two 
variables are bound to enter into work of this kind, namely, catalyst tem¬ 
perature and space-velocity. The catalyst temperature might be kept con¬ 
stant either by regulating the temperature of the incoming gases or by cooling 
the catalyst chamber where otherwise the catalyst temperature would be too 
high. As stated above, however, when the inlet gases were heated above 
i45®C. an appreciable drop in yield of aldehyde was noted even when other¬ 
wise the catalyst temperature would have been low. As a result of this pre¬ 
liminary work a temperature of io5°C. was adopted and used throughout 
the investigation. 

A satisfactory method for cooling the catalyst tube, thereby regulating 
the catalyst temperature, has not been found. Such a method would indeed 
have to be flexible in order to keep the catalyst temperature constant while 
other factors such as thermostat temperature and air rate are being varied. 

A further attempt was made to keep the catalyst temperature constant 
by supplying external heat to the tube by means of a bath or furnace, but 
here again difficulties were encountered. The yields of aldehyde decreased, 
the yields of acetic acid increased and at the same time the total amount 
of alcohol accounted for, as aldehyde, acetic acid and unchanged alcohol, 
decreased. 

‘ Lowdermilk and Day: J. Am. Chem. Soc., 52, 3535 (1930). 
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Since these efforts to eliminate one of the variables were unsatisfactory, 
usually leading to decreased yields of the desired product (acetaldehyde) 
they were abandoned and the following process adopted. 

The oxidation process was carried out by passing measured quantities of 
dry air through the vaporizer, containing the ethyl alcohol, maintained at 
constant temperature by means of a thermostat. The alcohol-air mixture 
passed through the preheater and then into the catalytic chamber, the 
catalyst having been previously heated to about 35o°C. by means of a small 
burner. The heat of reaction was sufficient to maintain the reaction after it 
had once started. The catalyst temperatures were measured by means of a 
quartz thermometer, the bulb of which was buried in the catalyst. The 
same amount of catalyst was used for all of the runs. In each case the catalyst 
chamber (length 15 mm., diameter 17 mm.) was filled with the impregnated 
12 mesh pumice. The length of each run was carefully timed by means of a 
stop-watch. The products of the reaction were collected in several absorption 
flasks which were part of the cooling system. The flasks were then emptied 
and rinsed and the resulting solution diluted to a definite volume. Aliquots 
of this solution were taken for analysis. 

The following types of catalysts were employed: 

A. 2.7028 g. of silver (equivalent to 3 g. of Ag20) deposited on 9 cc. of 
12 mesh pumice. 

B. 2.7858 g. of silver (equivalent to 2.9925 g. of Ag20) and 0.0075 g- of 
samarium oxide deposited on 9 cc. of 12 mesh pumice. 

C. 2.7788 g. of silver (equivalent to 2.985 g. of Ag20) and 0.015 g. of 
samarium oxide deposited on 9 cc. of 12 mesh pumice. 

D. 2.7648 g. of silver (equivalent to 2.97 g. of Ag20) and 0.03 g. of 
samarium oxide deposited on 9 cc. of 12 mesh pumice. 

E. 2.6532 g. of silver (equivalent to 2.85 g. of Ag20) and 0.15 g. of 
samarium oxide deposited on 9 cc. of 12 mesh pumice. 

These catalysts were prepared in the same manner as the catalysts used in 
the previous work. Duplicate catalyst preparations, for each type of catalyst 
(A, B, C, D and E) were used in order to determine whether the variations in 
yield might be due to variations in catalyst preparation. It was found that 
duplicate catalyst preparations gave excellent check results and consequently 
the small but constant variations recorded in Table I can scarcely be attributed 
to the use of various catalyst preparations. 

The ethyl alcohol (95 percent) which was used for the experiments was 
free from aldehyde in most cases. In some few cases the alcohol gave a slight 
test with Schiff’s reagent. 

Determination of Acetaldehyde.—The aldehyde was determined by 
Ripper^s method. This method gave good check results, usually varying at 
the maximum about 0.3% for two or more analyses of the same aldehyde 
solution. 

Determination of Acetic Acid.—To a definite amount of standard NaOH 
solution was added a little barium chloride solution and a few drops of phenol- 
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phthalein. The resultmg solution was titrated with a portion of the con¬ 
densate until the red color was discharged. This adaptation of Winkler’s 
method gave excellent results. 

Determination of Unchanged Ethyl Alcohol.—A suitable aliquot of the 
condensate was treated with an excess of ammoniacal silver nitrate and 
heated on a steam bath for 2-3 hours under a slight pressure. The resulting 
mixture was distilled until about two-thirds of the solution passed over. 
The distillate was just acidified with sulphuric acid and again distilled. This 
method yielded a distillate which gave no tests for aldehyde or acetic acid. 
The alcohol content of this solution was determined by means of a dipping 
refractometer. The results obtained checked fairly well, usually within 
o.s-o.8%. 

The results obtained for duplicate runs under various conditions are given 
in Table I. Space does not permit recording all the data obtained. Only the 
more important results are included. The process yields were based upon the 
total amount of alcohol used, while the material yields were based upon the 
actual amount of alcohol oxidized. 

A minimum catalyst temperature of about 37o®C. was used throughout. 
Below that temperature the reaction was more difficult to maintain, but ap¬ 
parently the reaction will take place as low as 32o®-33o®C., although with 
somewhat lower yields due to the irregularity of the reaction. At a tempera¬ 
ture of about 37o®C. glowing was often not apparent, even in a darkened room, 
but the reaction seemed to maintain itself uniformly. 

Discussion of Results 

Fig. I and A in Table I show the effect of various alcohol-oxygen ratios on 
the yields of acetaldehyde when silver was used as the catalyst (catalyst A). 
It will be noted that the curve for a thermostat temperature of 54°C shows 
the highest yields. At a bath temperature of S4®C. the ratio, moles CjHsOH/ 
moles O2, was 1/0.492 to 0.509. The theoretical ratio calculated for the same 
conditions is 1/0.5. If' is interesting to note that with metallic silver the 
highest yields were obtained using the theoretical oxygen supply, while with 
copper (in previous work) considerably more than the theoretical oxygen sup¬ 
ply was necessary. The yields of aldehyde were appreciably lowered by work¬ 
ing at thermostat temperatures higher than 54®C. Lowering of the thermo¬ 
stat temperature also produced a marked decrease in the yields of aldehyde. 

Moreau and Mignonac* have used silverized asbestos as a catalyst for the 
oxidation of ethyl alcohol to acetaldehyde. They reported a yield of acet¬ 
aldehyde, using reduced silver as the catalyst, which corresponded to an 84 
percent conversion of the alcohol used. They added the theoretical amount 
of air in two installments to the alcohol vapor, the outlet gases from the first 
reaction tube being cooled before adding the second installment of air and 
passing into the second reaction tube. 

^ Moreau and Mignonac: Compt. rend., 170 , 258 (1920). 
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Simington and Adkins^ using silver gauze and working at a bath tempera¬ 
ture of 46®C. obtained a 43.7 percent yield of acetaldehyde. They obtained 
a 76 percent yield, however, when they used a catalyst composed of 90% Cu 
and 10% Ag. 

Most of the earlier work has been carried out at lower thermostat tempera¬ 
tures and higher air rates, and as a result there would have been available 
more oxygen per gram of alcohol. The present investigation shows rather 
definitely that a bath temperature of 54®C. represents the optimum tempera¬ 
ture. 



Fig. I 

(i) Bath at 54®; (2) Bath at 50®; (3) Bath at 47®; (4) Bath at 45®. 

The results recorded in Table I (B and C) show that the presence of small 
amounts of samarium oxide (.25% and .50% respectively) with silver slightly 
increases the process yields of aldehyde. These results are more readily 
interpreted from a study of Fig. 2. It is interesting to compare the slopes of 
curves (i) and (2) with the slope of (3). At a temperature of about 37o®C. 
the differences in process yields are quite small but as the catalyst temperature 
rises the differences become larger. This is just the opposite of what one 
would expect from previous experience. The material yields for the optimum 
conditions (catalyst temperature about 370^0.) remain about the same as with 
the pure silver catalyst, but as the catalyst temperature rises they fall off 
much more rapidly than in the case of the silver catalyst. These variations 
in process and material yields remained consistent throughout the work even 
when duplicate catalyst preparations were used. It would seem that the 
presence of small amounts of the rare earth oxide does increase the process 
yields of acetaldehyde and at the same time exerts a stabilizing influence on 

^ Simington and Adkins: J. Am. Chem. Soc., 50 , 1449 (1928). 
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the process yields of aldehyde as the catalyst temperature rises. The same 
cannot be said of the material yields for, except at the optimum conditions, 
they are materially decreased. 

The results recorded in Table I (D and E) show that the presence of larger 
amounts of samarium oxide (1% and 5% respectively) causes a marked lower¬ 
ing of the yields of acetaldehyde. Here again, however, it will be noted that 
the decrease in process yields was not so rapid as in the case of the silver 
catalyst. It was thought at first that this rather marked lowering of process 
and material yields was due to further oxidation and possibly to increased 
decomposition of the aldehyde. Other facts, however, do not confirm this 



Fio. 3 

(i) Catalyst, B; (2) Catalyst, C; (3) Catalyst, A. Bath at 54° C. 

explanation. It was found, at a thermostat temperature of 54°C., that when 
the SmiOj content reached 5 percent, the amount of unsaturated compounds 
produced during the reaction became somewhat larger. This was determined 
by bromine absorption. No effort was made to identify the products, only the 
relative amounts being measured. This might indicate that when the rare 
earth oxide occupies a sufficient area of the contact surface it may, in small 
part, function as a dehydrating agent, especially if an excess of air for the 
oxidation of alcohol to aldehyde is not present. 

The exact role played by the rare earth oxides can not be based upon one 
set of results. Further work is needed on the higher alcohols and other com¬ 
pounds before any general conclusions can be made. 

Summary 

1. Data have been obtained showing the effect produced on the catal3rtic 
activity of silver by the addition of small amounts of samarium oxide. 

2. It has been shown that the presence of small amounts of samarium 
oxide (at a low catal3rst temperature, about 37o®C.) slightly increases the 
yields of acetaldehyde. 

3. Higher yields of acetaldehyde have been obtained by a one step vapor 
phase oxidation of ethyl alcohol than have been previously reported from 
similar methods. 




KINETICS OF THE REACTION BETWEEN POTASSIUM 
PERSULFATE AND SODIUM THIOPHENOLATE 


BY T. B, DOUGLAS 

Apparently no work has been done on the kinetics of the oxidation of a 
mercaptan to the corresponding disulfide. In this paper are given the results 
of a study of the velocity of the reaction between potassium persulfate and 
sodium thiophenolate in alkaline solution. 

The kinetics of a similar reaction, that between a persulfate and an in¬ 
organic iodide, have been investigated.^ Although the reaction is stoichio- 
metrically trimolecular, the results indicate that the reaction whose velocity 
was being measured was bimolecular, and consequently that the process took 
place in two steps, one slow and the other relatively fast. 

Experimental Procedure 

Baker^s C. P. potassium persulfate was used. This salt was carefully 
analyzed by reaction with ferrous sulfate and back-titration with perman¬ 
ganate, the average value obtained being 97.6 percent purity, the contamina¬ 
tion probably being KHSO4 from decomposition. All standard solutions of 
the salt were prepared on the basis of this figure. 

The thiophenol first used was prepared by the reduction of Eastman^s 
benzene sulfonyl chloride, and collection of the fraction boiling i66®-i69° 
(uncorr.). The second supply of thiophenol was prepared by the treatment 
of phenyl magnesium bromide with sulfur, and collection of the fraction 
boiling i68°-i 69° (uncorr.). 

The standard solutions of K2S2O8 were prepared by weighing the salt, and 
these solutions were used within a day after preparation to avoid the error 
due to slow decomposition. In preparing both reaction-solutions, only water 
which had previously been boiled could be used, since the sodium thiophenol¬ 
ate, if dissolved in ordinary water, was found to decompose at the rate of 5 
percent per hour because of oxidation by dissolved oxygen, ('are was taken 
not to agitate the solutions and thus introduce air, in the course of their 
preparation. 

The sodium thiophenolate solutions were prepared by dissolving approxi¬ 
mately twice the calculated amount of thiophenol in sodium hydroxide of the 
proper titre, removing the solution by filtration or decantation, and diluting 
with sodium hydroxide of the same titre just before use, in accordance with a 
standardization of the thiophenolate solution just performed. This was 
necessary because of a slow but inevitable drop of titre of the thiophenolate 
solution due to dissolved oxygen. A standardization of this solution im- 


1 A. von Kiss and L. von Zombory: Rec. Trav. chim., 46 , 225 (1927). 
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mediately after the velocity measurement gave data from which to calculate 
the correction on the thiophenolate concentration in the reaction-mixture, 
since this concentration was slowly decreasing, during the course of the slow 
reaction, from that calculated from oxidation by persulfates alone. 

Titration of the thiophenolate solutions was performed with 0.05 N 
aqueous iodine after diluting the thiophenolate with water to about 0.005 N 
and acidifying it (no precipitation of thiophenol taking place at this dilution). 
An attempt to titrate the thiophenol in alkaline solution with iodine, acidify, 
and then back-titrate with thiosulfate showed that in alkaline solution 
iodine oxidizes thiophenol further than to disulfide and in no way which could 
be followed quantitatively. 

The concentration of excess NaOH in the thiophenolate solution, definite 
for each series of determinations, fell between 0.005 N and 0.25 N. One 
determination was made on each individual reaction-mixture. A quantity 
of the persulfate solution and a quantity of the thiophenolate solution each 
containing 0.001 equivalent of reactant were set into a thermostat at 25® 
(±0.1°), and, after the temperature of the thermostat had been reached, the 
persulfate was poured into the thiophenolate, rapid mixing being effected by 
vigorous swirling of the flask. The reaction was arrested by pouring the mix¬ 
ture into a liter of water, and, after acidification and addition of starch, was 
titrated with iodine. A correction of 0.40 ml of 0.05 N iodine, amounting to 
2 to 7 percent of the total titration-reading, was found necessary, because of 
the large amount of water present. 


Results 

The velocity constants are calculated on the basis of a bimolecular and also 
a trimolecular reaction. The values obtained are given in Table I. 

Discussion 

The data show clearly that the reaction whose velocity is being measured 
is bimolecular. Hence the total reaction is really composed of two reactions, 
one being much more rapid than the other. Attempting an atomistic pic¬ 
ture, one conceives that by a slow reaction there is formed a very reactive 
intermediate product, which disappears approximately as fast as it is formed. 
Such a case might be expressed by the following equations: 

Slow.+ CeHBS^ SjOg"" + CeHgS; 

(2C6H6S CeHgS.SCgHg;) 

Fast.SjOs^’^ + CeHgS” 2S0r“ + CeHgS. 

As the concentration of OH~ is increased, the velocity constant becomes 
larger. Hence the OH^ acts catalytically. Also, the velocity constant varies 
with varying concentration of the reactants. The author proposes the fol¬ 
lowing hypothesis as a possible explanation of the mechanism of this catalysis. 
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Table I 

Reaction Velocities in Oxidation of Sodium Thiophenolate by Potassium 

Persulfate at 25®C 

(The concentration of CeHsSNa indicated below is the initial one. Concentrations 
of the two reactants are equivalent unless otherwise stated. Calculation of the 
velocity constants given below is based on the corrected initial concentrations referred 
to above. These corrections are not noted here.) 


Progress of 

Reaction Time k k 

percent minutes bimolecular trimolecular 


A. CeHsSNa = 0.0025 M 
a. NaOH = o.oi M 


12 

16 

3 40 

1450 

20 

28 

3-55 

1590 

28 

47 

3-35 

1610 

49 

120 3.25 

Average: 3.40 

1920 

b. 

NaOH = 

0.0113 M 


18 

25 

3-50 

1560 

c. 

NaOH = 

0.025 M 


12 

14 

4-05 

1750 

13 

14 

4 25 

1840 

18 

25 

3-95 

1750 

21 

25 

4.20 

1890 

29 

40 

4,00 

1910 

30 

40 

4-25 

2070 

39 

64 

3-95 

2080 

51 

120 

3-55 

2150 

53 

121 

3.70 

2290 


Average: 4.00 


B. CeHfiSNa = 0.005 M 


a. 

NaOH = 

0.005 M 


12 

8 

350 

760 

26 

19 

3-70 

870 

40 

36 

3.60 

950 

69 

120 3.6s 

Average: 3.60 

1530 

b. 

NaOH = 

0.01 M* 


II 

7 

3.60 

770 

23 

16 

3‘75 

860 

38 

32 

bo 

1000 

53 

60 

3 - 7 S 

1220 

69 

120 3.7s 

Average: 3.75 
* At 25.2°. 

1580 


Progress of 



Reaction Time 

k 

k 

percent minutes 

bimolecular trimolecular 

C. 

NaOH - 

0.025 M 


13 

7 

4.40 

950 

27 

16 

4.60 

1100 

43 

32 

4.80 

1330 

58 

60 

4.60 

1570 

73 

120 

4.55 

2160 


Average: 4.6o 


d. 

NaOH - 

0.25 M* 


14 

7 

4.55 

980 

18 

12 

3-95 

890 

31 

60 

1-50 

370 


C. QHjSNa = 0.01 M 


a. 

NaOH = 

0.01 M* 


25 

8 

4.15 

490 

41 

16 

4.25 

570 

56 

30 

4-30 

710 

71 

60 

4.00 

880 


Average: 4.20 


b. 

NaOH = 

0.025 M 


30 

8 

S'20 

630 

48 

17 

5-50 

800 

69 

45 

4.90 

1030 


Average: 5.20 



D. K2S2O8 = 0.01 M 


CeHjSNa = c 

>.oi M (approx.) 

NaOH = 0.09 M (approx.) 


12 

2 

6.7s 

1550 

22 

4 

6.70 

1640 

42 

10 

6.0$ 

1730 

72 

40 

4-05 

1840 
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The reaction depends ultimately on the collision of thiophenolate ions with 
persulfate ions. Let us suppose that temporary combination takes place, 
and in a reaction so mobile as to remain in equilibrium: 

C,HsS- + (C,H6S).(SA)““~, 

[(C.H,S).(S20a)~~~] _ 

[CaHaSl [SA'l 

this complex being so unstable that its formation does not appreciably affect 
[CeHsS”] nor [S2O8 ], the concentrations of the original ions. Such a com¬ 

plex would very likely decompose automatically in one of two ways: (i) 
into the ions out of which it was formed, according to the reverse of reaction 

(a) , or (2) in a manner involving exchange of electrons, such as: 

(b) .(CeH 5 S).(S 208 )~~^ CeH,S + SjOg-*", 

following which we must suppose a secondary reaction: 

(c) .SaOg- " + CeHsS^ 2SOr” + CeKsS. 

Let us suppose either reaction (b) or reaction (c) sufficiently slow to con¬ 
tribute to the measured velocity. If reaction (b) were the rapid one, thio¬ 
phenolate would disappear in large amount almost immediately. Since this 
is contrary to experimental fact, we shall consider (b) as the slow, and (c) as 
the comparatively fast, reactions. (To assume both reactions slow would 
greatly complicate the derivations.) 

In order to attempt to explain the catalytic action of OH”, let us suppose 
that a complex ion is formed as follows: 

(d) .C6H5S” + OH”^ (C8H5S).(0H)”” 

in mobile equilibrium, for which: 

(2) [(CaH 5 S).(OH)”l ^ ^ 

IC,H,S-] [OH-] *’ 

assuming this complex also to be so unstable that its formation does not 
appreciably affect [CeH,S~], but to be so highly reactive that approximately 
all direct oxidation of thiophenolate takes place through oxidation of this 
complex. Reaction (c) should then be corrected to read: 

(c'). SsOf— + (C,H6S).(0H)~" -> 2 sor" + C*H*S + 0H“ 

There is a third possibility in the disappearance of the hypothetical ion 
(C,H,S).(S, 0 ,)—: 

(e) .(C,H 6 S).(S, 0 ,)— + (C 6 H,S).( 0 H)— 

2 C,HjS + 2SOr" + OH". 


(a). 

for which: 

(i). 
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The measured reaction velocity, thus assumed to be dependent on simul¬ 
taneous reactions (b) and (e), will be: 

- = k,[(CeH6S).(S*08)"“"] + k2 
dt 

[(CeH5S).(S208r^l [(CeH5S).(OH)"-]. 

Substituting the equivalents of [(C6H5S).(S208) ] and [(C6H6S).(OH) ] 

from equations (i) and (2), respectively, and factoring, we have: 

_ ^ j K, ki + Ki K* k* [C„H5S“] [OH-]} 

dt 

{[CeHsSl [s*ori}. 

Expressed more simply: 

- = {ki + k„ [CeHsS-] [OH-] 1 

j[SsOri [CsHiS-]}. 

The expression ki + kn [CeHsS'] [OH“] is the modified velocity constant, and 
will subsequently be represented by k. 

An attempt has been made to apply this modification to the data ob¬ 
tained. Each experimentally determined value for k is associated with the 
average concentration of total thiophenolate of the interval of concentration 
change of that particular determination, since, [OH~‘] remaining constant 

Table II 

Comparison of the Calculated and Experimental Values for the Velocity 
Constants of the Reaction between Persulfate and Thiophenolate at 2 5°C 

(The average concentration of CgHbSNa, as described above, is indicated 
below.) 


NaOH 

k 

k 

moles per liter 

(calculated) 

(found) 


CeHbSNa = 0.002 2 M 


O.OI 

3-50 

3-40 

0.01T3 

3-55 

3 SO 

0.025 

3-95 

4.00 


CeHsSNa = 0.0040 M 


0 005 

3-50 

3.60 

O.OI 

3-75 

3-75 

0 025 

4.50 

4.60 


CeHsSNa == 0.0076 M 


O.OI 

4.20 

4.20 

0.025 

S-6o 

5.20 
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during a single determination, k becomes a first-degree function of [CaH(S~] 
in accordance with the foregoing hypothesis. Calculation of the different 
values for ki of the modified velocity constant gives a mean value of 3.25. 
A value for ki cannot easily be determined directly, because it is very difficult 
to dissolve thiophenol in very weakly alkaline aqueous solutions. 

Table II affords a comparison between the calculated and experimental 
values of k. The value used for kn in the calculations is the one which gives 
the best agreement between the calculated and experimental values for the 
constant. In all these calculations the activity coefficient of each ion con¬ 
cerned is assumed to be unity. This is intrinsically, of course, not true. 

From Table I the experimental velocity constant is seen to fall off very 
sharply during the course of the reaction when the OH” concentration is 
high. No possible explanation of this behavior is offered except to state that 
oxidation further than to the disulfide stage may take place, with conse¬ 
quent faster lowering of the persulfate concentration than anticipated. 

Summary 

The velocity of the reaction between potassium persulfate and sodium 
thiophenolate in alkaline solution has been studied, and, although the reaction 
is stoichiometrically trimolecular, the results indicate that the measured 
reaction is bimolecular. 

The values obtained for the velocity constant of the simple velocity 
equation are found to vary in a more or less regular manner with var3rmg 
hydroxide concentration or with varying concentration of the reactants. A 
hypothesis involving increased activation through complex ion formation 
has been proposed as a possible explanation of this anomaly. 

Vrmernty of North Carolina, 

Chapel HiU, N. C. 



THE EFFECT OF WHEAT GERM OIL ON THE KEEPING QUALITIES 
OF FATS AND FOOD RATIONS* 

BY P. E. BOLLEB 

(Considerable interest has been displayed for some time concerning the 
rancidity of fats and oils, both edible and inedible, and concerning methods 
of preventing or delaying rancidity. Moureu and Dufraisse* have published 
a number of articles in which they discuss anti-oxidants. Holm, Greenbank, 
and Deysher* have shown that glycerol, resorcinol, phenol, benzylic alcohol, 
and dihydroxystearic acid delay the rate of adsorption of oxygen by linseed 
oil. Some of the other investigators who have worked on anti-oxidants are: 
Fisher,* Lund,^ Smith and Wood,* Fiero,® Yoshio Tanaka and Mitsuo Naka¬ 
mura,’ Husa and Husa,® Mattill,* and Mattill and Crawford.’® 

Wheat germ oil has received considerable attention in the treatment of 
certain ailments and deficiency diseases”’”’’*''®. Barnett Sure’* has done 
considerable work on the dietary requirements of wheat germ oil for reproduc¬ 
tion. Mattill’* and Anderegg and Nelson” have suggested that perhaps vita¬ 
min E in food rations may be destroyed when oxidative changes take place in 
fats. Some facts which are presented confirm this assumption. Wheat germ 
oil was found to protect food rations for a certain period of time as well as to 
supply the necessary vitamins. Mattill found that the vitamin E content did 
not parallel the acetyl values of vegetable fats and oils. He also found that 
other vegetable fats and oils would not protect food rations in a similar manner 
as wheat germ oil did. 

The present investigation was carried out to study the effect of wheat germ 
oil and the different constituents of the oil on the keeping qualities of fats and 
oils and food rations. 


Laboratory Method and Apparatus 

The effect of wheat germ oil on the keeping quality of fats and oils was 
determined by a modified form of apparatus such as was used by Moureu 
and Dufraisse’ and refined later by Greenbank and Holm.’® 

In every case, about 500 cc. of fat were melted and a definite quantity 
removed by a warmed pipette. This furnished a uniform portion of the 500 
cc. sample. To this portion a definite amount of wheat germ oil was added. 
From 10 cc. to 20 cc. samples of this mixture were pipetted into 250 cc. 
Erlenmeyer flasks which were connected to mercury manometers. Oxygen 
replaced the air in the flasks. The thermostat was maintained at a temper¬ 
ature of 7o°C. During the temperature adjustment, the pressures in the 
system were adjusted by means of two-way stopcocks inserted in the tubes 


• Contribution from the Research Division of The S. M. A. Corporation, Cleveland, Ohio. 
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connecting the manometers and the flasks. The period for temperature ad¬ 
justment varied from thirty minutes to two hours or two hours and thirty 
minutes. 

It was found that the induction period for cod liver oil was generally one 
of the shorter induction periods for fats. Skimmed milk powder was used as 
the basis for all the food rations. When the cod liver oil and skimmed milk 
powder were thoroughly mixed together, rancidity was easily detected by the 
penetrating odor, very likely acrolein. Generally 50 g. of skimmed milk 
powder, 8 cc. of cod liver oil, and various amounts of wheat germ oil were used. 
The mixtures were put in pint jars in an air atmosphere at room temperature. 

Results 

It has been reported by Mattill^® that vegetable oils, other than wheat 
germ oil, sometimes afford protective action in preventing rancidity in food 
rations, but wheat germ oil affords almost unfailing protection. It was of 
interest to find that not all samples of wheat germ oil afford protective action 
for fats and oils, and food rations. Typical sets of results are given for an 
active sample and an inactive sample of wheat germ oil. Two different flasks 
containing fat of the same composition were used at the same time. Mano¬ 
meter No. I and Manometer No. II were connected to the flasks. 

Table I 


Active wheat germ oil was added to cod liver oil 




% wheat 




Induction Periods 






germ oil 

Manometer No. I 

Manometer No. II 

Trial I 

0 

I 

hr. 

TO min. 

I 

hr. 

5 min. 

U 

II 

0 

I 

u 

10 

a 

I 

u 

15 

u 

U 

I 

•25 

I 

u 

35 

a 

I 

a 

35 

u 

U 

II 

•25 

I 

u 

40 

u 

I 

a 

45 

u 

u 

I 

.5 

I 

u 

35 

u 

I 

a 

35 

u 

u 

II 

•5 

I 

u 

40 

u 

I 

u 

45 

a 

a 

I 

1-47 

2 

(( 

10 

u 

2 

u 

10 

i( 

u 

II 

1.47 

2 

u 

10 

u 

2 

ii 

10 

u 

u 

I 

2.4 

2 

« 

15 

u 

2 

u 

5 

u 

u 

II 

2.4 

2 

a 

10 

a 

2 

a 

20 

u 

u 

I 

4.8 

3 

a 

30 

a 

3 

u 

30 

u 

a 

II 

4.8 

3 

u 

25 

u 

3 

u 

25 

u 

u 

I 

7 

3 

a 

20 

u 

3 

tt 

45 

a 

a 

I 

9.1 

4 


15 

u 

4 

a 

20 

u 

u 

II 

9.1 

4 

u 

15 

u 





a 

I 

13 

4 

u 

30 

u 

4 

u 

30 

u 

u 

II 

13 

4 

u 

30 

u 

4 

u 

30 

a 

it 

I 

17 

4 

« 

30 

u 

4 

u 

35 

u 
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Table II 


Inactive wheat germ oil was added to cod liver oil 

% wheat Induction Periods 

germ oil Manometer No. I Manometer No. II 


0 

I 

hr. 20 min. 

1 

hr. 

IS 

min. 

1-7 

I 

“ 15 

u 

I 

u 

10 

u 

3-2 

I 

“ 20 

u 

I 

u 

10 

i( 

6.2 

I 

“ IS 

u 

1 

a 

10 

u 

9.1 

I 

“ IS 

u 

I 

u 

15 

u 

13 

I 

“ IS 

u 

I 

u 

15 

(t 


Wheat germ oil has been added to tallow and oleo oil with similar results. 
The active oil increases the induction period of the fat in each case, but the 
type of the induction period curve varies, depending upon the fat and the 
sample of wheat germ oil. 

The Effect of Lecithin upon the Induction Period of Fats 

The sample of the inactive wheat germ oil which was used to obtain the 
previous data, contained approximately 1.15% lecithin. The lecithin content 
for another sample of inactive oil was 2.15% and for two different samples of 
active oil 3.81% and 6.16%. The oil which contained 3.81% lecithin was 
almost as active as the active samples containing 6.16% lecithin, and the 
sample containing 1.15% lecithin was as inactive as the sample containing 
2.15% lecithin. These results indicate that the lecithin content had very little, 
if any, effect on the keeping quality of fats. 

It was thought that perhaps if lecithin were added to one of the inactive 
samples of wheat germ oil, the induction periods of fats and oils might be 
changed. The lecithin (the lecithin was obtained from Eastman Kodak 
Company, Grade P683) was dissolved in ethyl ether and then mixed with the 
wheat germ oil. The ether was removed by evaporation. The lecithin con¬ 
tent of the oil which was originally 1.15%, was increased 2%. This oil was 
then added to the different fats and oils by the method which has been given 
before. No noticeable increase in the induction periods of the fats and oils 
was obtained, as is indicated in the following table. 

Table III 


Oleo oil 

Induction Periods 

Manometer No. I Manometer No. II 

5 hr. 20 min. 5 hr. 15 min. 

% wheat 
germ oil 

0 

Oleo oil 

S “ 0 “ 

5 “ 20 “ 

9.1 

Edible beef tallow 

3 “ so “ 

3 “ 20 “ 

0 

Edible beef tallow 

3 “ SS “ 

3 “ 50 “ 

9.1 
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The Effect of Unsaponifiable Material in Active Wheat Germ Oil 
upon the Induction Period of Fats 

The unsaponifiable material was obtained by the method of Allen and 
Thompson.^® The unsaponifiable material obtained in this manner from lo 
cc. of active oil was added to lo cc. of the inactive oil. If the active constituent 
of wheat germ oil is present in the unsaponifiable material, then the inactive 
oil to which the unsaponifiable material is added should assume an activity 
approximately equal to that of the active oil. One sample will illustrate the 
results which were obtained. 

Fat Induction period 

Edible beef tallow 3 hrs. 55 min. 

Edible beef tallow containing 11% of the 

inactive oil and unsaponifiable material 3 hrs. 55 min. 

Since wheat germ oil is known to be rich in sitosterol, it seemed worth 
while to observe the effect of increasing the concentration of this constituent 
upon the protective action of wheat germ oil. Several experimental deter- 


Cod liver oil 
Cod liver oil 


Table IV 
Induction Periods 

Manometer No. I Manometer No. II 


1 hr. 30 min. 
1 « 30 " 


I hr. 


45 min. 


40 


u 


Edible beef tallow 3 “ 40 “ 

Edible beef tallow 3 “ 45 “ 3 “ 25 


Oleo oil 
Oleo oil 


5 “ 30 “ 

S “ 10 “ 


S “ 30 “ 
5 “ 25 “ 


Cod liver oil i “ 25 “ 

Cod liver oil i “ 25 “ 



30 “ 
30 “ 


Edible beef tallow 3 “ 40 “ 

Edible beef tallow 3“ 45“ 3“2S 


Wheat germ oil 
and sitosterol 
content 

None 

2 cc. wheat germ oil 
in 20 cc. cod liver oil. 
.0871 g. sitosterol to 
12 cc. wheat germ oil 
None. 

2 cc. wheat germ oil 
in 20 cc. tallow. 
.0871 g. sitosterol to 
12 cc. wheat germ oil 
None. 

2 cc. wheat germ oil 
in 20 cc. Oleo oil. 
.0871 g. sitosterol to 
12 cc. wheat germ oil 
None. 

2 cc. wheat germ oil 
in 20 cc. cod liver oil. 
.1912 g. sitosterol to 

1 s cc. wheat germ oil 
None. 

2 cc. wheat germ oil 
in 20 cc. tallow. 
.1912 g. sitosterol to 
15 cc. wheat germ oil 
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minations were made with sitosterol (melting point 136-138^0.) which was 
separated from a sample of active oil. The results were the same as those 
which were obtained with the unsaponifiable material. Some of the results 
are given in Table IV. 

The Effect of Glycerol on the Induction Periods of Fats 

Since the acid numbers of the active oils were found to be between 11 and 
13 and the acid numbers of the inactive oils between 7 and 8, it was thought 
that perhaps there might be a small amount of free gylcerol present which has 
been found to exert a protective action^ on the oxidation of fats and oils. A 
small amount of the active oil was washed with water. The oil was removed 
by filtering on a moist filter. The wash water was concentrated and the 
following color tests were applied: salicylic acid, resorcinol, and jS-napthol.^” 
A positive test for glycerol was obtained in each case. The wash water from 
the inactive oil gave color reactions which were less distinct than the wash 
water from the active oil. 

To 10 cc. of the inactive wheat germ oil .235 cc. of glycerol was added and 
the mixture emulsified as well as possible. In flasks No. I and No. II, 5 cc. 
of wheat germ oil and glycerol were added to 40 cc. of Norwegian cod liver 
oil. In flasks No. Ill and No. IV, no wheat germ oil and glycerol were added. 

Table V 


Difference in mm. of the levels of Hg. in manometers 


Time 

No. I 

No. II 

No. Ill 

No. IV 

1 hr. 10 min. 

1.2 

1.2 

30 

30 

u u 

I 20 

1-7 

2.8 

50 

50 

I " 30 

2.5 

3-2 

7.0 

6.5 

I « 50 " 

4-5 

50 

9-5 

10 0 

2 0 " 

6.0 

6.0 

11. 2 

12.0 


The induction period for No, I and No. II was i hr. 30 minutes and for No. 
Ill and No. IV, i hr. 5 minutes. The table shows the protective action of 
glycerol since the wheat germ oil alone had no effect. 

The Protective Action of Wheat Germ Oil on Skimmed Milk 
Powder and Cod Liver Oil 

The previous tests which were made on fats were also made with cod liver 
oil and skimmed milk powder. A typical set of results is given. In all deter¬ 
minations 50 g. of skimmed milk powder and 8 cc. of cod liver oil were used. 

The results with skimmed milk powder are consistent with the previous 
data. It will be noted that sitosterol slightly shortened the induction period 
of the cod liver oil. The inactive wheat germ oil increased the induction period 
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Table VI 


Tests began in March, 1930 


Skimmed milk powder-cod liver oil 

“ “ u a a u — J jjp glycerol 

“ “ u a a u —2 gp inactive wheat germ 

oil containing .76% sitosterol 
“ “ u a u u —j pg inactive wheat germ oil 

containing 1.39% sitersterol 
“ “ « « « « —2 gp inactive wheat germ oil 

containing 1.39% sitosterol 

“ “ u u u u —j pp inactive wheat germ oil 

“ “ « « « « —2 cc. inactive wheat germ oil 

“ “ u u a a —J active wheat germ oil 

“ “ a a u u —2 cc. activc wheat germ oil 


Developed 
Rancidity in 

10 days 
IS days 


8 


8 


8 

14 

15 “ 

37 “ 
No ran¬ 
cidity after 

10 mo. 

“ —I cc. inactive wheat germ oil 

containing .87% lecithin 16 days 

“ —2 cc. inactive wheat germ oil 

containing .87% lecithin 16 days 


of the cod liver oil a few days and the addition of lecithin increased this period 
slightly. 2 cc. of glycerol or 2 cc. of active wheat germ oil were sufficient 
to prevent rancidity for long periods of time. 


Summary 

Wheat germ oil is not an unfailing anti-oxidant for fats, oils, and food 
rations. The lecithin content did not affect the properties of wheat germ oil. 
The activity of wheat germ oil was not in proportion to its lecithin content; 
nor was the activity increased by the addition of lecithin. The unsaponifiable 
material and sitosterol had no effect upon the activity of the oil. Although 
free acid was present in fairly large amounts, especially in the active oil, the 
activity of the oil was not in proportion to the acid numbers. The activity 
of wheat germ oil, then, must be due to the glycerol in the fat or the acids and 
glycerides which the oil contains. It has been known for some time that the 
OH group in organic compounds is a protective group, and the high acetyl 
value of the active oil was indicative of this fact. (The acetyl value of the 
active oils was approximately 30, while for the inactive oils, the acetyl value 
was approximately 15). The fatty acids obtained from wheat germ oil con¬ 
tain about 20% to 25% linolic acid and over 50% oleic acid and ricinoleic 
acid (from analysis of the oil used). It has been shown that linolic acid is 
easily oxidized, while oleic acid is slower, and ricinoleic acid still more slowly 
oxidized.® Therefore, it seems probable that the active oil contains the 
glycerides of hydroxy acids which may consist largely of ricinoleic acid. 



3292 


P. E. ROLLER 


Acknowledgment 

It is a pleasure to acknowledge the valuable assistance rendered by 
Dr. A. F. 0 . Germann, Director of the Research Laboratory of The S. M. A. 
Corporation. 

Acknowledgment is also made to Dr. Oliver Kamm, Scientific Director 
of the Parke, Davis & Co. Research Laboratories and to Dr. John F. Anderson, 
Director of Research for E. R. Squibb & Sons for supplying the different 
samples of oil. 

Bibliography 

' Charles Moureu and Charles Dufraisse: Chem. Reviews, 3 , 113-6 (1926). 

^ George E. Holm, George R. Greenbank, and E. F. Deysher: Ind. Eng. Chem., 19 , 

156 (1927)- 

* Fisher: Chem. Reviews, 7 , 51 (1930). 

^ Aage Lund: Tids. Kemi Bergvesen, 5 , 102 (1925). 

®Otto M. Smith and Robt. Eri Wood: Ind. Eng. Chem., 18 , 691 (1926). 

®G. W, Fiero: Am. J. Pharm., 102, 146-54 (1930). 

^ Yoshio Tanaka and Mitsuo Nakamura: J. Soc. Chem. Ind., Japan 33 . Suppl. bind¬ 
ing 107-9 and 126-7 (1930). 

* W. J. Husa and I^dia M. Husa: J. Am. Pharm. Assn., 17 , 243 (1928). 

®H. A. Mattill: J. fiiol. Chem., 90 , 141 (1931). 

i®H. A. Mattill and B. Crawford: Ind. Eng. Chem., 22, 341 (1930). 

Joseph Goldberger and G. A. Wheeler: U. S. Public Health Service, Public Health 
Reports 42 , 2383-91 (1927). 

A. F. Hess: Lab. Dept, Health N. Y, City. Proc. Soc. Exp. Biol. Med., 13 ,145 (1916). 
Herbert M. Evans and George O. Burr: J. Am. Med. Assn., 89 , 1587 (1927). 
i^Nina Simmonds, J. Ernestine Becker, and E. V. McCollum: J. Am. Med. Assn., 88, 
1047 (1927). 

** Barnett Sure: J. Biol. Chem., 62 , 371 (1924); 69 , 29-74 (1926). 

**H. A. Mattill: J. Am. Med. Assn., 89 , 1505 (1927). 

L. T. Anderegg and V, E. Nelson: Ind. Eng. Chem., 18 , 620 (1926). 

G. R. Greenbank and G. E. Holm: Ind. Eng. Chem., 17 , 625 (1925). 

Allen and Thompson: Chem. News, 43 , 267 (1881). 

*oDeniges: Compt, rend., 148 , 172, 282, 422, 570. 



STUDIES IN ELECTROCAPILLARITY 

Part IV. The Effect of Salts on the Electrocapillary Curves of Solutions 
containing Surface-active Substances 

BY J. A. V. BUTLER AND A. WIGHTMAN 

According to a theory of electrocapillary action which has been put for¬ 
ward by one of us/ the lowering of the surface tension at the interface between 
mercury and the solution produced by the presence of many organic substances 
is related to the potential difference by an equation of the form 

where is the potential difference at which the surface tension lowering 
(for the g ven solution) has its maximum value Aymy and Ay is the lowering 
at the potential difference V. The curve of A7 against V (which we shall call 
the adsorption curve) as determined by this equation is completely sym¬ 
metrical about the potential difference V. The study of Gouy^s data^ for 
numerous organic substances in normal sodium sulphate solution showed 
that while this equation was, in most cases, in excellent agreement with the 
right hand (negative) branches of the adsorption curves, these were often 
unsymmetrical and lower on the left (positive) side. In Parts II and III of 
this series of papers,*^ the electrocapillary behaviour of solutions containing 
two surface-active substances has been examined, and it has been shown that 
the adsorption of one substance is in general reduced by the presence of a 
second surface-active substance, in some cases to the extent of the complete 
exclusion of the first substance. Since the sulphate ion, like most inorganic 
anions, itself causes a lowering of the surface tension on the positive side of 
the electrocapillary curve, it appeared probable that the asymmetry of the 
adsorption curves in normal sodium sulphate might be due to the partial 
displacement of the adsorbed substances at the more positive potentials by 
adsorbed sulphate ions. We have therefore examined the effect of varying 
the nature and concentration of the salt on the adsorption curves of some 
typical surface-active substances. 

It is well known that the electrocapillary curves of most inorganic salt 
solutions are practically parallel at high negative potential differences, and 
may be made to coincide in the region from —1.2 to —1.8 volts (referred to 
the normal calomel electrode) by small displacements parallel to the axis 
of the potential difference. These displacements have been ascribed to the 
liquid junction potential difference between the standard electrode and the 
solution under examination. When taking the surface tension lowering caused 
by a substance as the difference between the surface tension of the salt 

1 J. A. V. Butler: Proc. Roy. Soc., 122A, 399 (1929). 

* Ann. Chim. Phys., 8, 291; 9 , 75 (1906). 

® J. Phys. Chem., 34 , 2297, 2841 (1930). 
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solution and that of the solution containing the same concentration of the 
salt, together with the added substance, it is important to take into account 
any displacement due to this cause. No difficulty arises with non-ionised 
solutes at a moderate concentration, as the curves of the mixtures usually 
coincide with those of the primitive salt solutions at the extreme right (for 
solutions containing 4 mols per cent of alcohol a slight displacement is neces¬ 
sary to make them coincide at —1.8 volts). But when the added substance 
is also a salt, as in the case of sodium salicylate, and has a concentration 



Fig. I 

Surface tension lowerings of ethyl alcohol (4M) in lithium chloride solutions. Electro- 
capillary curves of lithium chloride in water in the upper part of the diagram. 

which is comparable with, or greater than that of the inorganic salt, it is 
necessary to displace the curve of the mixture until it coincides on the ex¬ 
treme right with the curve of the primitive solution. 

In order to facilitate the comparison of the behaviour of salt solutions 
of different concentrations, the electrocapillary curves of the salt solutions 
have been displaced so as to coincide with that of normal potassium chloride 
at —1.5 volts. In the diagrams given in this paper, the adsorption curves 
have also been given the same displacement. The displacements required 
are listed with the experimental data below. 

(i) Ethyl alcohol. In Fig. i the upper part of the diagram shows the 
electrocapillary curves of solutions of lithium chloride n water, and the 
lower part, the surface tension lowerings produced by the presence of ethyl 
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alcohol to the extent of 4 mols per cent. It can be seen that the surface 
tension of the primitive solution is raised by increasing the salt concentration 
at potential differences greater than —0.7 volts, while below —0.4 volts it is 
positively adsorbed to an increasing extent as the potential of the mercury 
becomes more positive. The behaviour of the alcohol is closely related to 
that of the salt. In the region in which the salt is negatively adsorbed the 
surface tension lowering of the alcohol increases with the salt concentration 
but in the region in which the salt is positively adsorbed the surface tension 
lowering of the alcohol falls off rapidly as the salt concentration is increased. 
The adsorption curves of alcohol, which are markedly a85Tnmetrical at the 
higher concentrations of the salt, thus become broader as that is decreased 
and are very nearly symmetrical at the smallest salt concentration. 



Surface tension lowerings of ethyl alcohol (4M) in potassium bromide and iodide solutions. 

The behaviour of alcohol in potassium bromide and iodide solutions is 
very similar. (See Fig. 2. The electrocapillary curves of some of the salt 
solutions are shown in Fig, 3). The bromide and iodide ions are much more 
surface-active than the chloride ion and when they are present the electro¬ 
capillary curve begins to fall at much higher values of the potential difference. 
As might be expected in these solutions the displacement of the alcohol by 
the surface active anion begins to take effect further to the right of the 
curves. The effect of N potassium bromide on the adsorption of alcohol is 
about the same as that of N/io potassium iodide, and that of N/20 potas¬ 
sium bromide about the same as that of N/2 lithium chloride. Thus it appears 
that solutions containing chloride, bromide and iodide ions, having concen¬ 
trations in the ratios 100:10:1, have approximately the same effect on the 
behaviour of alcohol. The electrocapillary curves of solutions containing 
chloride, bromide and iodide ions, in these ratios, also approximate to each 
other. We may therefore conclude that the effect of these ions on the be¬ 
haviour of alcohol is proportional to their effect on the electrocapillary curve 
in the primitive solutions, and that their surface activities have relative- 
magnitudes approximately in the ratios 1:10:100. 
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(2). Phenol. The behaviour of phenol is very similar. Fig. 3 shows the 
surface tension lowerings of N/io phenol in a series of solutions containing 
the halogen ions, and in the upper part of the diagram the corresponding 
electrocapillary curves of the salt solutions. The electrocapillary curves of 
potassium chloride solutions are nearly identical with those of lithium chloride 
solutions at the same concentrations, and the behaviour of phenol in the 



Fig. 3 

Surface tension lowerings of phenol (N/io) in potassium halide solutions. Electro¬ 
capillary curves of the salt solutions in water in the upper part of the diagram. 

former is very similar to that of alcohol in the latter. The adsorption curve 
of phenol becomes more 83Tnmetrical as the concentration of potassium 
chloride is decreased. The effect of the bromide and iodide ions on the 
behaviour of phenol, is very similar in kind and extent to their effect on 
alcohol. 

Fig. 4 shows the behaviour of phenol in sodium sulphate and ammonium 
nitrate solutions. The latter salt is of interest because measurements can be 
extended with its solutions further in the positive direction than with any of 
the other salts employed. The electrocapillary curve is lowered by an in¬ 
crease of the concentration of this salt, at all potentials more positive than 
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— 0.7, and the surface tension lowering of the phenol is reduced by an in¬ 
crease of the salt concentration over the same range. Sodium sulphate is 
notable in that an increase of its concentration from N/iotoN/i raises the 
adsorption curve of phenol through practically the whole of the region in 
which measurements can be obtained. 

(3) Sodium salicylate. In Part I of this series of papers^ it was pointed 
out that strong electrolytes having surface-active positive ions (e.g. substi¬ 
tuted ammonium salts) show a maximum adsorption when the potential 



Surface tension lowerings of phenol (N/10) in sodium sulphate and ammonium nitrate 
solutions. I. Sodium sulphate (N); (2) sodium sulphate (N/1 o); (3) ammonium nitrate (N); 
(4) ammonium nitrate (N/io). 

difference has a high negative value (—1.3 to —1.5 volts), whereas the 
maximum for non-ionised substances falls within the range —0.4 to —0.7 
volts. It was to be expected on theoretical grounds that the maximum of the 
adsorption curves of strong electrolytes having surface-active anions would 
occur at a similar interval towards positive values. The adsorption curves 
of a number of salts of organic acids were measured in N/i sodium sulphate 
and it was found that their maxima occurred between —0.13 and —0.30 
volts, which are not nearly so positive as was expected. It seemed probable 
that this anomaly was due to the reduction of the adsorption of the organic 
anions at the extreme left of the curves owing to the adsorption of sulphate 
ions, which cause a considerable lowering of the surface tension in this region. 


1 J. Phys. Chem., 34 , 2286 (1930). 
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We have therefore determined the surface tension lowerings of N/io 
sodium salicylate in solutions of sodium sulphate, ammonium nitrate, potas¬ 
sium chloride and potassium bromide, of various concentrations. The 
curves obtained are shown in Figs. 5 and 6. It is evident that as the con¬ 
centration of the inorganic salt is increased, the maximum of the adsorption 
curve of the salicylate moves towards more positive values of the potential 
difference, and at the smallest salt concentrations is beyond the most positive 
values for which measurements can be obtained. Thus, when the salt con¬ 
centration is sufficiently reduced we realise the behaviour which was expected 
on theoretical grounds. 



Surface tension lowerings produced by sodium salicylate (N/io) in potassium chloride 
and potassium bromide solutions. 

Experimental Data 

The experimental arrangements were similar to those of the previous 
papers of this series. Since it was possible that small differences of surface 
tension would be of importance, the vessel containing the solution at the tip 
of the capillary was water-jacketted and kept at a constant temperature (20®). 

The salts used were the best available A.R. quality. The ethyl alcohol 
was dried over quicklime, and distilled. The phenol was also purified by 
distillation, and had the mp. 40.8°. 

The following tables give the surface tension lowerings produced by the 
presence of ethyl alcohol phenol and sodium salicylate in the inorganic salt 
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solutions. In determining these values, the electrocapillary curve of the 
mixture has been displaced (if required) parallel to the axis of the potential 
differences, so as to make it coincide with the curve of the primitive salt 
solution at —1.8 volts. The displacement required is given in the column 
Di. D2 gives the d splacements required to make the electrocapillary curves 
of the salt solutions coincide with the curve of normal potassium chloride at 
(and above) —1.5 volts. 



Fig. 6 

Surface tension lowerings produced by sodium salicylate (N/io) in ammonium nitrate 
and sodium sulphate solutions. 

The potential differences are given with reference to the normal calomel 
electrode. The surface tension lowerings are given in terms of Gouy^s scale, 
i.e. the maximum surface tension between mercury and normal sodium sul¬ 
phate at 20® is taken as 1001.7, corresponding to a maximum value of 1000 
for the surface tension between mercury and water, according to Gouy’s 
measurements.^ 

^ The ratio of the maximum heights of the electrocapillary curve in normal sodium sul¬ 
phate and water (1001.7:1000) was determined at 18®. Our measurements are at 20®, but 
this difference of temperature cannot appreciably affect the ratio. 
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The data from which the electrocapillary curves of the solutions of salts 
in water have been constructed are not given here, for they would occupy a 
considerable space, and the general features of the curves can be seen in the 
diagrams. We propose, however, to publish the data for these curves in 
another paper, and to give a theoretical discussion of them. 

Table I 

Surface Tension Lowerings of Ethyl Alcohol (4 rriols per cent) in various Salt 

Solutions 


Potential 


Lithium Chloride* 

Potassium Bromide 

Potassium Iodide 

difference 

2M 

iM 

0.5M 

0.05M 

iN 

o.iN 

0.05N 

iN 

o.iN 

— 0.0 

0-5 

0.0 

0.3 

3.6 

— 

— 

— 

— 

— 

— 0.2 

2.2 

5 -^ 

6.9 

17-3 

00 

8-3 

C ).3 

~ 

— 

-0.4 

18.8 

21.7 

25.8 

31.0 

JO.O 

24.9 

28.1 

(16.6) 

X 3-7 

— 0.6 

41.0 

40-3 

3 Q -0 

34.7 

254 

bo 

38.8 

12.5 

28.3 

-0.8 

41.5 

374 

36.3 

34-7 

32.9 

34-1 

00 

18.8 

31-2 

— 1.0 

28.6 

26.1 

24.7 

27.0 

23.6 

24.8 

28.1 

2 X .5 

25-9 

—1.2 

12.5 

13.2 

13-1 

16.1 

4.9 

12.4 

16.4 

1 2.2 

14.7 

-1.4 

6.0 

5-3 

00 

6.8 

— 

5-9 

00 

4.7 

5-9 

— 1.6 

0.2 

0.5 

1.0 

2.4 

— 

1-7 

T.2 

0.7 

1.2 

Di +0.01 

+0.01 +0.01 +0.01 

+0.005 

+0.010 

+ 0.015 

““ 

— 

ih - 

“0.01 

0.0 

+ 0.01 +0.07 

+0.005 

+0.04 

+ 0.065 

0.0 

+ 0.045 


* In the lithium chloride solutions, which are taken from another seiies of measurements, the 
concentrations are expressed as gram molecules per locx) grams of solvent; in the other solutions 
they refer to gram-equivalents per litre. 


Table II 

Surface Tension Lowerings of Phenol (N/io) in various Salt Solutions 


Potential 

Potassium Chloride 

Potassium Bromide 

Potassium Iodide 

difference 

IN 

O.iN 

0.05N 

iN 

O.iN 

0.05N 

iN 

O.iN 

0.05N 

0.0 

— 

45*7 

54-0 

— 

— 

•— 

— 

—• 

— 

— 0.2 

55-3 

63.9 

69.3 

25.2 

50.6 

55-2 

— 

— 

— 

-0.4 

71.8 

74.1 

73-5 

49.1 

67.1 

62.0 

(-1.3) 

20.5 

30.1 

— 0.6 

73-7 

69.8 

70.8 

60.5 

68.6 

65,6 

19.7 

43-2 

48.6 

-0.8 

55-5 

53*5 

59-0 

51-5 

.S 5-7 

SO -3 

28.2 

47.1 

50.8 

— I.O 

26.6 

28.9 

35*5 

25-1 

30.6 

30.8 

17.3 

26.7 

32.1 

— 1.2 

4.2 

6.7 

12.4 

3*7 

7-1 

12.6 

2.0 

5-7 

7.2 

-1.4 

F) 

0.0 

0-5 

0.0 

0.2 

0.0 

i-S 

0-3 

0.0 

0.0 

Ul 

D, 

— 

+0.05 

+0.06 

+0.005 

+0.04 

+0.015 

0.0 

+0.045 

+0.07 
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Table II (Continued) 


Potential 


Sodium Sulphate 

Ammonium Nitrate 

difference 

iN 

o.iN 

0.05N 

iN 

o.iN 

O.O5N 

+0.4 

— 

— 

— 

9.4 

— 

— 

+0.2 

— 

— 

— 

27.4 

30.1 

37-0 

0.0 

65-9 

64.1 

63-9 

42.2 

49.4 

52.0 

— 0.2 

88.5 

77.1 

72-3 

S3‘i 

66.1 

65-7 

- 0.4 

94.3 

79-4 

74.6 

59-7 

75-4 

72.5 

— 0.6 

83-9 

72.2 

71-5 

59.5 

70.3 

70.6 

-0.8 

61.6 

56.4 

00 

48.1 

54.0 

56.5 

“ 1.0 

29-5 

29.1 

39-5 

20.7 

27.1 

34.2 

—1.2 

5-7 

7-4 

14.3 

2.0 

6.2 

lO.I 

- 1.4 

Di 

1)2 

o.S 

0.5 

1.5 

1-3 

0.0 

1-3 

+0.01 

+ 0.055 

+0.08 

0.0 

+ 0 . 03 S 

+0.0SS 


Table III 

Surface Tension Lowerings of Sodium Salicylate (N/10) in various Salt Solutions 

Potential Potassium Chloride Potassium Bromide 


difference 

iN 

O.iN 

0.05N 

0.02N 

iN 

O.iN 

0.05 N 

0.02N 

0.01 N 

+0.1 

— 

— 

— 

100 

— 

— 

— 

— 

— 

0.0 

— 

62.9 

76.8 

94.6 

— 

— 

— 

(49.6) 

98.9 

-0.2 

49. r 

7 I-S 

75*0 

78.7 

19.2 

40.2 

52.3 

57*5 

76.2 

-0.4 

QC 

60.7 

57*0 

53-6 

32.5 

46.6 

42.5 

444 

45-6 

— 0.6 

51.0 

42.0 

37*7 

32.3 

37*3 

38.3 

30*3 

30.1 

28.9 

— 0.8 

304 

23-7 

18.7 

16.5 

254 

23.2 

13*3 

15.6 

13.6 

— I.O 

11.4 

3*7 

3*9 

2.9 

94 

8.4 

4.0 

7.2 

4.0 

—1.2 

3-0 

0.2 

3*0 

0.0 

1*3 

3*0 

I.Q 

2.0 

0.0 

D, 

— 

— 0.025 

-0.030 

— 0.07 

— O.OI 

— 0.01 

— 0.01 

-0.03 

— O.IO 

Dj 

— 

+0.05 

+0.06 

+ O.II 

+0.005 +0.04 +0.065 +0.10 

+0.17 


Potential 

difference 

iN 

Ammonium Nitrate 

O.iN 0.05N 0.02N 

iN 

Sodium Sulphate 
O.iN 0.05N 

0.02N 

+0.2 

00 

d 

81.2 

00 

106.6 

— 

— 

— 

— 

+0.1 

51.8 

79.7 

84-3 

100.6 

— 

90.1 

99.9 

107.1 

0.0 

52.9 

794 

79.2 

95-8 

81.2 

95-3 

99.9 

104.0 

“~0.2 

56.3 

74.1 

72.0 

77-7 

88.6 

84.6 

78.8 

81.2 

-0.4 

52.3 

62.2 

55.8 

ss-(> 

794 

64.2 

51.8 

52.1 

—0.6 

42.6 

42.4 

40.2 

3 S -7 

55-7 

38.9 

28.8 

30.1 

—0.8 

28.3 

20.7 

20.8 

17.8 

30.3 

18.3 

11.9 

13.6 

— I.O 

10.4 

4.2 

7.7 

2.9 

12.3 

5*6 

3*2 

34 

— 1.2 

3*0 

0.0 

0.0 

0.0 

3.9 

0.8 

0.0 

0.0 

D. 

— 

-0.015 

—0.01 

-0.0s 

— 

—0.02 

—0.04 

-0.05s 

Ds 

0.0 

+0.03S +0.05S +0.08 

+0.01 

+0.0SS +0.08 

+0.13S 
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Summary 

1. The effect of varying the nature and the concentration of inorganic 
salts on the electrocapillary curves of solutions containing ethyl alcohol, 
phenol and sodium salicylate has been investigated. 

2. In general the adsorption curves of ethyl alcohol and phenol become 
more symmetrical as the salt concentration is lowered. The surface-active 
bromide and iodide ions greatly reduce the adsorption of these solutes in the 
region in which the ions themselves are adsorbed. In solutions containing 
chloride, nitrate and sulphate ions, the surface tension lowering caused by the 
organic substances is increased by increasing the salt concentration in the 
region in which the salt is negatively adsorbed, and decreased in the region 
in which the salt is positively adsorbed. 

3. The maximum of the adsorption curve of sodium salicylate moves 
towards positive potentials as the concentration of the inorganic salt is de¬ 
creased and its magnitude increases. It has been shown that the maxima 
for strong electrolytes with surface-active cations occur between —1.3 and 
— 1.5 volts, and for non-ionised substances in the region of —0.5 volts. 
It is now found that at very small concentrations of the inorganic salt, the 
maximum for a salt with a surface-active anion occurs at a potential more 
positive than -I-0.2. The behavior which was expected on theoretical grounds 
has thus been established. 

We are indebted to the Department of Scientific and Industrial Research 
for a Studentship, granted to one of us (A. W.), which enabled him to take 
part in this work, and to Imperial Chemical Industries, Ltd., for a grant 
which defrayed the cost of part of the apparatus. 

Chemistry Department ^ 

University of Edinburgh , 

June 18 , 1931 . 



ELECTRODEPOSITION OF METALS FROM 
ANHYDROUS AMMONIA* 

BY HAROLD SIMMONS BOOTH AND MENAHBM MERLUB-SOBBL 

That the aqueous world we chance to live in is but one of the many possible, 
was first indicated by the epoch-making studies of Franklin on the “ammonia 
systemwith Franklin^s work the chemical equivalent of Ptolemaic geo¬ 
centricism came to an end. No less demolishing of previous trends of thought 
—and creative of new—were the further conclusions drawn by Kraus^ from his 
researches on certain electrochemical phenomena in liquid ammonia, for it is 
to Kraus we are indebted for the concept of the ionization of the elementary 
alkaline and alkaline earth metals in ammonia to yield normal metal ions and 
free (though generally solvated) electrons. It was this same research pyramid 
which yielded the concepts currently accepted regarding the nature of metal- 
licity and the mechanism of electrical conduction in metals. * 

The monumental researches on the electrochemical phases of ammonia 
solutions, by others as well as by Kraus, have, peculiarly enough, included 
extremely little concerning actual electrodeposition of metals from this 
solvent. This fact is all the more surprising when viewed in contrast with 
electrodeposition studies made in the far less electrochemically understood 
pyridine* or in contrast with Rohler^s^ work in the otherwise almost un¬ 
studied formamide. 

It was the purpose of this study to fill this gap. 

Theoretical Considerations 

As an electrolytic solvent, ammonia presents somewhat of an anomaly. 
Its relatively low dielectric constant (21-23) would normally be expected to 
allow for no great aptitude toward electrolytic conduction, yet its power in 
this respect is almost the equal of water. Early in their studies on this solvent 
Franklin and Kraus® concluded that dissociation is far less in ammonia than 

* Abstracted from a thesis submitted to the faculty of the Graduate School of Western 
Reserve University by Menahem Merlub-Sobel in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy, 1930. 

The experimental work reportkl upon hejre was done in the period of 1926-1928; pre¬ 
vious pubheation was prevented, however, by the illness of the junior author. Recently, 
similar studies on ammonia electrodeposition were announced by Taft and Barham in the 
May, 1930, issue of The Journal of Physical Chemistry, representing partial duplication 
—but partial only—of this work. 

1 Franklin: Am. Chem. J., 4 ^ 285-317 (1912); J. Am. Chem. Soc., 27 , 820-51 (1905); 
Proc. Eighth Int. Cong. Applied Chem., 6,119-30 (1912); See also Franklin: J. Am. Chem. 
Soc., 46 , 2137-51 (1924). 

* Kraus: J. Am. Chem. Soc., 30 , 1321-44 (1908); 36 , 864-77 (1914); ^ 3 , 749-70 (192O; 
44 , 121^9 (1922); Trans. Am. Electrochem. Soc., 21, 119-20 (1912); Kraus ana Lucasse: 
J. Am. Cnem. Soc., 43 , 2529-39 (1921). 

’ Muller et al.: Monatsheft., 44 , 219-30 (1924}. 

^ Rdhler: Z. Elektrochemie, 16 , 419-36 (1910). 

‘ Franklin and Kraus: Am. Chem. J., 23 , 297-8 (1900). 
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in water, but that its great fluidity results in so much greater ionic migration 
velocities as to counterbalance completely the factor of a low dielectric con¬ 
stant. Comparing ammonia at — with water at i8®C., the fluidity 
ratio is of quite significant a magnitude, 4.16: i,^ but even the interplay of 
dielectric constants and fluidities is admittedly insufficient to explain com¬ 
pletely why some solvents prove excellent conducting media and others fail 
miserably in this regard. 

Consideration of the theoretical cause of high ammonia conductivities is 
of considerable consequence even in practical electrodeposition. Whether a 
metal will be deposited out of solution in any solvent where hydrogen ions are 
a product of the ionization of the solvent must depend upon the relative values 
of two potentials—that given by 

EM = HT/nF. In PM/PM+nM 

and that of 

Eh = RT/F. In Phs/ph^ +nH 

where Pm represents the electrolytic solution pressure of the metal. 

Ph^ represents the electrolytic solution pressure of hydrogen. 

Pm represents the osmotic pressure of the metal ions in solution. 

Ph^ represents the osmotic pressure of the hydrogen ions in the solution due 
to primary ionization of the solvent, and to any added ionogen dissociating 
to give H"’". 

nM represents the overvoltage of metal deposition, 
nn represents the overvoltage of hydrogen evolution. 

Since the osmotic pressure of the metal ions in solution will always be a func¬ 
tion of their concentration, deposition will be facilitated, all other factors being 
equal, by increased ionization rather than by a mere high conductivity re¬ 
sulting from low viscosities. Conversely, the tendency toward metal deposi¬ 
tion will rise and fall with decrease and increase of the actual hydrogen ion 
concentration. 

What the exact value of this last concentration is for pure ammonia is 
unknown, but it is undoubtedly very low.'^ Some estimate may be made 
from the data of C'arvallo,-^ in which the conductivity of ammonia, after 
standing, is given as 5 X at 2o°C. and 3.7 X io~” at -8o®C'. By the 
method of Kohlrausch, and utilizing the ion conductances, at — 33°C., found 
by Kraus and Bray^ for the NH4'^ and NH2“ ions in NHs, we may compute 
the approximate elementary ionization of ammonia into and NH2~ as 
yielding concentrations of 

(5 X io-'« X io3)/(i3i + 133) = 0.02 X 10-7 
as compared with the 0.8 X accepted for water at i8*^C. The use of the 
NH4'^ ion conductance as an H+ value is amply justified by the fact that 
NH4“^ in liquid ammonia is merely a solvated hydrogen ion, and nught better 
be written as HCNHa)'^. 

1 Kraus: “The Properties of Electrically Conducting Systems/' p. 109. 

* Kraus: “The Properties of Electrically Conducting Systems," p. 230. 

^Carvallo: Compt. rend., 156 , 1755-8 (1913). 

^ Kraus and Bray: J. Am. Chem. Soc., 35 , 1335 (1913). 
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On this basis, the hydrogen ion concentration of ammonia is approxi¬ 
mately 1/40 that of water, which would lead to the expectation that electro¬ 
deposition of metals would prove materially easier, even though the advantage 
of the lower hydrogen ion concentration in ammonia is decreased in part by the 
simultaneously lower ionic concentration of dissolved salts, as previously 
discussed. 


Current Status of Aqueous Electrodeposition 

Metals which have been deposited by electrolysis of aqueous solutions of 
their compounds are quite sharply delineated from those where failure results. 
Those which can be deposited include all metals in Group I-B of the periodic 
table (Cu, Ag, Au) and all Group II-B if the uncertain beryllium and magnes¬ 
ium are assigned to the alkaline earths, leaving only zinc, cadmium and 
mercury. The same situation applies to Group III-B, gallium, indium and 
thallium all being amenable to electrochemical treatment, as opposed to the 
failure registered by all other inherently trivalent metals, including the rare 
earths. In the fourth group of the periodic table, germanium is somewhat in 
doubt, but otherwise the rule continues to hold that only the minor, or B, 
division can be deposited (tin and lead, in this case); the fifth group is normal 
to the extent that arsenic, antimony and bismuth deposit readily, while the 
other elements of the group are not obtainable in this manner.' In the whole 
of the sixth group, tellurium and chromium are the only metallic representa¬ 
tives which permit deposition, the failure of molybdenum and tungsten to 
respond to electrolytic operations being somewhat of an electrochemical 
mystery in view of the ease of deposition of the more active chromium. The 
seventh of the periodic table groups holds but one metal as yet subjected to 
any study—manganese; according to Allmand and Campbell it deposits only 
because, fortuitously, an extremely high hydrogen overvoltage acts to prevent 
hydrogen being released (at least so completely as to exclude all metal de¬ 
position). Manganese, therefore, is about at the very border line for aqueous 
deposition. The transition, or eighth, group, with its three triads, represents 
elements all of which can be electrolyzed out of water solution. 

On the other side of the picture are the metals not amenable to deposition 
practice. They include the alkalies in Group I-A, the alkaline earths of 
II-A, the boron-aluminum rare earth grouping of III-A, the tetravalent 
metalloid congeners, the high melting point metals of the fifth group, and, 
finally, tungsten, molybdenum and uranium in the same group that harbors 
the relatively easy-to-deposit chromium. 

It is immediately apparent that the high e.m.f. of deposition which ex¬ 
plains readily enough our inability to obtain metallic deposition with the 
alkali or alkaline earth members, or aluminum and the rare earths, is not 
broad enough to cover all metals of the non-electrolyzable groups. For 
example, tungsten and molybdenum hold approximately the same position 

^ Personal unreported work by the junior author has negatived the claims of deiwsition 
made for tantalum. 

* Allmand and Campbell: Trans. Faraday Soc., 19 , 559-73 (1924)* 
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in the normal aqueous series as does mercury, which is below hydrogen,^ yet 
neither of these metals can be deposited from water solution; the work of 
Mann and Halversen-* seems to indicate that the presence of the slightest 
trace of the OH grouping, even if organic, is fatal to the deposition of 
tungsten.® 

A completely satisfactory explanation of these phenomena is yet to be 
found. On the basis of unreported work, the authors, with data admittedly 
inadequate at present to make their viewpoint much more than a working 
hypothesis at best, are of the opinion that in cases where aqueous electro¬ 
deposition fails despite a relatively low position in the electromotive series, 
the situation is merely a reflection of the paucity or absence of elementary or 
simple metallic ions. 

Since even the alkali metals can be formed, in quasi-free state, by am¬ 
monia electrolysis, failure of other metals to deposit, if and when failure is 
evidenced in liquid ammonia, would be because of some such factor also— 
or, at least, because of factors similar in character to those operative in water, 
whatever may be their true nature. 

Previous Work in Anhydrous Ammonia of Electrodeposition Interest 

That ammonium nitrate absorbs ammonia at room temperatures, forming 
an electrolytic solvent, has been known ever since the work of Divers^ indi¬ 
cated that this solvent (which we now recognize as merely a concentrated 
solution of nitric acid in anhydrous ammonia) electrolyzes to yield hydrogen 
at the cathode and one third the volume of nitrogen at the anode, if platinum 
and iron positive electrodes are utilized. When silver, mercury, lead, copper, 
zinc, or magnesium anodes are employed, however, electrolytic corrosion takes 
place. Nothing is indicated by Divers as to whether cathodic deposition of 
a metal would occur after sufficient metallic ion is electrolyzed into the solu¬ 
tion. The work of Booth and Torrey^ gives good reason to believe that such 
deposition would replace, in part at least, hydrogen evolution. 

When first the systematic study of ammonia solutions began, Cady® 
showed that the passage of current through a silver, lead, mercury, copper, 
or barium salt solution in anhydrous ammonia resulted in the deposition of 
the metal on the cathode. Nothing is stated by Cady regarding the nature 
of the deposit obtained. 

Since the alkali metals are so soluble in ammonia, it is but to be expected 
that electrolysis of salts of these metals would yield, cathodically, solutions 
of the metals, more or less concentrated as conditions permitted. Op)erating 

^Russell and Rowell: J. Chem. Soc., 130 , 1881-92 (1926). 

* Mann and Halversen: Trans. Am. Electrochem. Soc., 45, 493-508 (1924). 

* Since submission of this manuscript, Colin G. Fink and Frank L. Jones: Trans. Am. 
Electrochem. Soc., April (i 930 » have succeeded in plating tungsten from aqueous alkaline 
solutions. 

^ Divers: Phil. Trans., 163 , 359-75 (1873): Proc. Roy. Soc., 21, 109-11 (1873). 

* Booth and Torrey: J. Am. Chem. Soc., 52 , 2581 (1930); J. Phys. Chem. 35 , 2465, 2402. 
3 in ( 1930 - 

•'Cady: J. Phys. Chem., 1, 707-13 (1897). 
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at — 7o®C. Ruff ^ electrolyzed a KI solution, and obtained drops of a copper- 
colored material known to be but a concentrated solution of potassium in 
ammonia; this, as soon as permitted out of the concentrated KI phase, re¬ 
dissolved in the ammonia with the blue color characteristic of the alkalies, 
Cottrell,^ in his work on ammonia-acetylene reactions, has reported mag¬ 
nesium as slightly soluble in ammonia; on electrolysis, blue streaks developed 
from the cathode and an almost microscopic tree-like growth of bright metal 
grew out along the glass container. Quite evidently, magnesium is at the 
very threshold of alkalinity, if ammonia solubility is to be used as a criterion. 

Like the others of the top row of the periodic system, beryllium is sui 
generis. Not truly an alkaline earth, as evidenced by full insolubility in 
ammonia, it is yet too high in the aqueous e.m.f. series® for electrodeposition. 
Booth and Torrey^ have shown that beryllium can be deposited from an¬ 
hydrous ammonia solutions of beryllium chloride and of dehydrated beryllium 
nitrate, their studies representing the first active effort at utilizing ammonia 
directly as an electrodeposition medium. 

Studies on electrode potentials in liquid ammonia, of interest to elec¬ 
trodeposition Ix'cause electrode potential values determine the electro¬ 
motive series in a given solvent, have been made by Cady,® who found a 
tendency of electrodes, copper and zinc particularly, to vary in their poten¬ 
tials when measured against their ammonia salt solutions. Johnson and Wils- 
more,® operating in the same field, found potential values in ammonia gener¬ 
ally higher than in water; their tests included ^ver, mercury, copper, lead, 
nickel, cadmium, zinc, ammonium, magnesium, calcium, sodium and potas¬ 
sium. It is noteworthy that the potassium and sodium values are almost 
identical; these check quite closely with the values announced by Forbes and 
Norton^ for the oxidation potentials of sodium and potassium. 

In studying the true nature of oxidation, Cady and Taft® electrolyzed 
solutions of Til and Cul in ammonia. Electrolysis of thallous iodide resulted 
in oxidation to Tl^^^ ions, with simultaneous deposition of metallic thallium 
on the cathode. The deposited metal bridged over rapidly—a tendency of 
thallium no less in ammonia electrolyses than in aqueous, as we shall see 
later—although the use of i lo volts would obviously have made massive and 
coherent electrodeposition of any element impossible. The cuprous salt, on 
electrolysis, oxidized to yield the blue solution characteristic of cupric salts. 

^ Ruff; Ber., 34 , 2604-7 (1901). 

* Cottrell: J. Phys. Chem., 18 , 85-100 (1914). 

® Latimer: J. Phys. Chem., 31 , 1267-9 (1927), is of interest in this connection, the data 
being based on thermodynamic considerations rather than actual electrical measurements. 
See, however, Bodforss: Z. physik. Chem., 124 , 66-82 (1926) and 130 , 82-9 (i927)» which 
beryllium is placed between cadmium and zinc. 

* Booth and Torrey: loc. cit. 

* Cady: J. Phys. Chem., 9 , 477-503 (*905)- 

* Johnson and Wilsmore: Trans. Faraday Soc., 3 , 70-80 {1907). 

’ Forbes and Norton: J. Am. Chem. Soc., 48 , 2278-85 (1926). 

•Cady and Taft: J. Phys. Chem., 29 , 1057-74 (1925). 
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In strict analogy with the viewpoint that anodes are ‘^oxidized’^ elec- 
trolytically in water solution, the very apposite term “nitridation^^ has been 
synthesized to represent the analogous de-electronization process in liquid 
ammonia. Utilizing NH4N3 solutions (effectively, ammonated hydronitric 
acid solutions), Browne, Holmes and King^ found that copper, silver, cad¬ 
mium, lead and antimony are electrolytically corroded, with current effi¬ 
ciencies slightly above 100%, which the authors explained as being due to 
either mechanical abrasion or purely chemical corrosion, or perhaps to a 
tendency toward the formation of compounds containing the metal in a 
lower state of valence. 

Closest in approach to actual electrodeposition studies in ammonia was the 
work on decomposition potentials and metal overvoltages, recently reported 
by Groening and Cady.^ Nitrate and chloride decomposition voltages proved 
lower in ammonia; iodides and nitrites were higher than in water. In general, 
metal overvoltages were indicated as higher than in aqueous solution. It was 
in conjunction with overvoltage measurements that metals were deposited on 
to cathodic surfaces; the metals studied were silver, nickel, cadmium, mer¬ 
cury, lead, zinc and iron. 

Scope of this Research 

What little was available in the literature regarding electrodeposition in 
ammonia, obtained as a by-product of other work, was far from encouraging. 
Groening and Cady’^ declared, in explanation of some of their results, that 
^‘the metal seldom deposited in smooth form.^^ This, despite electrode rota¬ 
tion, which normally aids materially toward obtaining good plating. Kraus,^ 
too, summarizing his vast experience in the field, pointed out that ‘‘metals 
in the electropositive condition, when precipitated from liquid ammonia 
solution, almost invariably appear in spongy forrn.^’ 

The problem here, therefore, integrated itself into the question of whether 
ammonia cathodic electrolyses inherently did not permit of bright, smooth, 
adherent deposits, such as are produceable in water, or whether, by proper 
manipulation of current densities, solutions, and perhaps temperatures, re¬ 
sults analogous to aqueous deposition, and on a par with it, could be obtained. 
The criterion of good deposition was, as always, a purely visual one: a deposit, 
to be considered satisfactory, had to possess, first and foremost, adherence— 
then compactness—and, finally, typical metallic lustre (the last two factors 
as opposed to the “burnt” spongy type of deposit encountered in ordinary 
electrodeposition when current densities are too high). 

The Apparatus and its Manipulation 

Since ammonia boils, at normal pressure, at about -33''C., it was most 
logical to attempt all electrodepositions first at this temperature, and most 
of the studies were therefore carried out at about the boiling point of am- 

1 Browne, Holmes and King: J. Am. Chem. Soc., 41 , 1769-76 (1919). 

2 Groening and Cady: J. Phys. Chem., 30 , 1597-1615 (1926). 

® Groening and Cady: loc. cit. 

^ Kraus: Trans. Am. Electrochcm. Soc., 45 , 175-86 (1924). 
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monia, to eliminate pressure problems. Only when complete failure at low 
pressures and temperatures was definitely evidenced for certain metals was a 
change made to a room temperature, high pressure unit. 

The normal pressure arrangement is shown diagramatically in Fig. i. 
The anhydrous ammonia passed directly through the steel valve into the 
glass inlet tube of a barium oxide drying tube. Beyond the BaO^ tube, stop- 
cocked connections were made to a high vacuum pump and to a supply of dry 
nitrogen. Another stopcock permitted closing off the operating cell from 
this preliminary section. Pressures were measured by a manometer set 
between this point and the cell proper, both being further protected by 



Fig. 1 
Unit No. I 

Normal Pressure, Low Temperature Cell 

stopcocks. Ammonia ptissed into the cell through the first angle bend, and 
was liquefied by external cooling; it could be forced out at the end of the run 
through the outlet tube (see cell detail diagram. Fig. 2). The outlet was 
connected, through a stopcock and an unwired rubber connection, to a trap 
holding about one inch of mercurj^ which acted to prevent influx of air 
during agitation. 

For the cell, a large-lipped glass tube was fitted with a four-hole rubber 
stopper and was set through a cushioning cork ring. Rubber stopper and 
cork were drawn together tightly by the use of iron plates and wing nut bolts. 
Through the stopper came the two electric leads, while a third tube brought 
the ammonia in, as gas, and otherwise connected the cell to the preliminary 
vacuum pumping and nitrogen system; the last of the tubes was the liquid 

^ Booth and McIntyre, in Ind. Eng. Chem., Anal. Ed. 2, 13 (1930), have shown that 
barium oxide is a very effective desiccant for ammonia. 
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ammonia withdrawal tube, reaching to the bottom of the cell. The lower half 
of the electrolysis cell was encircled by a Dewar flask; for preliminary con¬ 
densation, liquid air or C02-ethcr was used, while the electrolysis proper was 
conducted with the solution surrounded by an ammonia bath, thereby as¬ 
suring operation in the vicinity of — 33 ^^"* 

For cell operation, a weighed amount of electrolyzing salt was added and 
the unit immediately assembled. After repeated evacuation and filling with 



Fig. 2 

Normal Low Pressure Cell 


nitrogen, to remove adsorbed moisture from the system, pure anhydrous syn¬ 
thetic ammonia, dried by metallic sodium, was drawn from the cylinder into 
the cell. A COrether mixture is preferable for liquefying ammonia, since 
it does not cause solidification. After sufficient ammonia had been liquefied, 
the preliminary system was cut off from the cell, leaving only the manometer 
connected. Agitation of the liquid in the cell, so as to obtain complete solu¬ 
tion of the salt or, at least, saturation, was accomplished by a rapid sequence 
of opening and closing the stopcock controlling the liquid ammonia outlet 
tube in the cell. Under the few centimeters mercury pressure present, the 
liquid ammonia solution would rise in the tube, but after ascending about 
five or ten centimeters, it would reach a portion of the tube considerably 
wanner than the liquid ammonia, and a powerful back pressure would there¬ 
fore develop by the flashing of the ammonia into vapor, and this pressure 
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would force the liquid back with some violence, making thorough agitation of 
the solution possible without external appliances. The mercury trap, of course, 
prevented any drawing back of air or moisture into the lines. 

After electrolysis had been completed, the mercury trap was replaced by 
a loosely stoppered Dewar flask. By opening the stopcock, the pressure in 
the cell, increased by the removal of the external ammonia bath, forced the 
contents over into the Dewar, from which point the solution was discarded. 
The stopcock was closed and a fresh quantity of ammonia condensed in the 
cell in the manner originally used, in order to wash the electrodes. When 
this had been drawn off as before, the system was evacuated partially, and 



Fig. 3 
Unit No. 2 

High Pressure, Room Temperature Cell 

ethyl alcohol drawn into the cell for further washing, by placing the ammonia 
outlet tube tip in a beaker of alcohol, and opening the stopcock. Alcohol 
washings were continued till the electrodes showed freedom from all salts, 
and then the cell was taken apart. 

After a large amount of experimentation had proven low temperature 
electrolysis ineffective for a number of metals, an entirely different type of 
cell had to be devised, to operate at room temperatures and therefore at 
pressures of several atmospheres. The preliminary part of this apparatus 
was identical with that used for low temperature work, but here the barium 
oxide tube was followed by a measuring tube into which the ammonia was 
first condensed before being revolatilized into the operating cell. The ar¬ 
rangement is shown in Fig. 3. 
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The complete high pressure unit consisted of a standard all-iron valve 
capable of withstanding 250 lbs. pressure, and specially packed so that it 
held vacuum also. A steel pipe cross connected the valve down to the cell 
and up to a standard ammonia pressure gauge. The remaining side of the 
cross was closed from the ammonia line, but was tapped to receive a supporting 
rod, enabling the whole unit to be clamped as desired. 

Relatively little difficulty was experienced in any part of the apparatus 
other than in the cell itself. It was obviously impossible to utilize the steel 



Fig. 4 

High Pressure Cell 


container as anything but a pressure-resistant jacket; electrolysis in a steel 
tube would have involved the risk of the tube acting as an intermediate 
cathode, and throwing iron into the deposit as well as into the solution. A 
number of attempts at enameling the inside of the tube proved utter failures 
The arrangement shown in Fig. 4 was finally adopted, after considerable ex¬ 
perimentation: About an inch of mercury was placed in the jacket, and a hard 
glass tube about one quarter of an inch smaller in diameter forced down into 
It, giving the tube a cushion of mercury. Into the tube, from above, passed 
the two electrodes, and pressure electrolysis took place therefore inside of a 
glass tube completely protected from the effects of such pressure by virtue of 
its being completely equalized. 
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One factor did continue to give trouble for a long period. The tube carrying 
the platinum seals had to be set through the cell cap, and no leakage was to be 
permitted. Repeated efforts at using DeKhotinsky cement and its modifica¬ 
tions, low melting alloys, and even adamant cements, all proved futile. The 
method finally adopted, simple enough admittedly, involved the use of tiny 
rubber stoppers through which the tubes passed. By setting these stoppers 
with taper upward, the cap being drilled accurately so as to make a perfect 
fit, increased pressure only served to tighten the seal. 

C'omplete sealing between the cap and the cell was accomplished by a rub¬ 
ber gasket, and proved quite adequate. 

Upon completion of a run in the high pressure unit, the cell was cooled to 
the normal boiling point of ammonia or lower, quickly taken apart, and the 
electrodes plunged immediately into anhydrous alcohol. Had individual runs 
been more fruitful of results, more elaborate washings, ammonia and other¬ 
wise, would have been called for, and the necessary devices could readily 
have been set into the cell to withdraw the ammonia and to wash the elec¬ 
trodes in situ. However, there was no occasion for this, as further reports on 
the individual metals will indicate. 

Experimental Results 

While many salts have been listed as ammonia soluble, most such deter¬ 
minations were made at room temperature. Solubilities at — 33®C. proved 
significantly lower and thereby curtailed the choice of salts materially. 
In each case, those salts are reported upon which proved most satisfactory 
after preliminary tests. 

Copper, Preference w'as given to the cuprous salts, even though none were 
available which did not show some amount of cupric contamination (recog¬ 
nizable by color of resulting solutions). This latter factor was of little im¬ 
portance, since electrolysis would have oxidized the cuprous ion to cupric 
anyway, at least to some extent, as has been indicated by the work of Cady 
and Taft.* Best results were obtained in a run involving the solution of 0.3330 
grams of ('ul in 30 c.c. of ammonia, with a current of approximately 10 
milliamperes on a 6 square centimeter cathode face, equivalent to 167 milli- 
amperes per square decimeter. The voltage required was 0.7 for an electrode 
separation of 12 mm. No hydrogen or other gas was evolved. Based on 
cuprous copper, anode corrosion was 81.2^/^,, and deposition only 11.8%, 
while from a cupric standpoint anode loss was 162.4% of theory and the 
cathode gain 23.5%. High corrosions and low depositions were characteristic 
of all copper runs; even when current densities were too high for good plating 
this held true. Burnt deposits suffered further deterioration after the elec¬ 
trolysis was completed, irrespective of whether kept in a desiccator or in the 
open. 

Silver, As might have been expected, silver gave an excellent deposit. 
A weight of 0.3085 grams of pure silver iodide dissolved extremely easily 

^ Cady and Taft: J. Phys. Chem., 29 , 1057-74 (1925). 
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in 40 c.c. of ammonia^ and with a silver rod anode and a gold cathode, a cur¬ 
rent of 215 milliamperes per square decimeter was employed. Anode cor¬ 
rosion was somewhat under theory, 86.0%, deposition slightly above, 101.2%. 

Gold, Both Aul and the complex cyanide made in situ by the interaction 
of Aul with KCN gave good plating, the former operating perfectly at 250 
milliamperes per square decimeter, on a platinum cathode and a gold anode, 
while the latter required a lower density of current, 87 milliamperes to the 
square decimeter giving the best results. Voltage for the iodide was about 
1.5, the cyanide requiring about 2.0 for the same electrode separation, 14 mm. 
For the best gold iodide run, 0.4963 grams were dissolved in 25 c.c. of am¬ 
monia; the double cyanide received 0.2294 grams of Aul and o.i 142 grams of 
KCN. Both depositions were perfect, and throwing power complete; the 
cyanide bath gave results the equal of any aqueous cyanide electrolysis. 
Attack of the gold anode was practically nil in all iodide electrolyses; for the 
cyanide bath it was 3.6%. Cathode efficiencies were quite good, hovering 
around the 87.6% value found for the best iodide run, while cyanide 
gave 82.6%. 

Beryllium. The findings of Booth and Torrey, previously mentioned, 
were corroborated in this research; here beryllium iodide was used because of 
its greater solubility at low temperatures, though even this was far from 
adequately soluble. A weight of 1.5435 grams of salt, synthesized by reaction 
between iodine and beryllium metal flake, failed to dissolve to more than a 
small extent at first in 25 c.c. of ammonia. A cast beryllium plate, about 
one-eighth of an inch thick and 1X3 centimeters in area, was used as an 
anode and was set about 18 mm. from the gold cathode twice the area. As 
electrolysis continued, more of the salt went into solution, doubtlessly due 
to internal heating effects of the high currents used, varying from 12,300 to 
14,200 milliamperes per square decimeter. The voltages required were from 
8.2 to 27.0, the rise in internal temperature making the higher voltage range 
necessary. Complete metal deposition, both front and back, resulted; the 
metal was dark and far from the usual steely color of polished beryllium, or 
the gray of the unpolished, a fact hardly remarkable considering the condi¬ 
tions of operation. 

Zinc. A dense deposit of fine, though somewhat matty, metal was ob¬ 
tained by the use of zinc cyanide with 0.2070 grams of the salt dissolved in 
40 c.c. of ammonia and with 20 mm. electrode separation. Current was equi¬ 
valent to 74 milliamperes per square decimeter; voltage averaged somewhat 
under 2. Deposition was good, as was also throwing power. Anode corrosion 
was 110.3%, cathode deposition 90.4%. 

Cadmium. Plating of cadmium was tried with two soluble salts, potassium 
cadmium cyanide and cadmium thiocyanate. The former gave bright metal, 
although there was a tendency toward spottiness and burning, with 667 milli¬ 
amperes per square decimeter. The thiocyanate bath, not nearly as soluble, 
gave warty edges, like copper from an aqueous sulphate bath, but otherwise 
the deposit was good, using the same current density. Anode corrosions were 
101-103%, cathode depositions from 87.5-95.5%. Voltages differed remark- 
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ably, despite the fact that electrode separations were identical—20 mm.; 
this was, of course, a reflection of the poorer solubility of the thiocyanate. 
With the latter, pressures of 3.0-3.5 volts were required—the double cyanide 
called for only 0.8 or so. 

Mercury, Our only normally liquid metal, mercury, was readily elec¬ 
trolyzed out of ammonia solution of 0.8182 grams of Hgl2 in 30 c.c. of am¬ 
monia. A current of 433 milliamperes per square decimeter gave a deposit 
of beautiful matty metal. The metal alloyed on the gold surface, certain 
spots being very shiny due to excess of mercury (crystals which had melted 
completely before alloying). Some tendency to “tree,” as in the case of 
lead and thallium, was noticed. A platinum, and therefore insoluble, anode 
being employed, a relatively high voltage requirement of 1.5 was encoun¬ 
tered, with an electrode separation of only 13 mm. Based on Hg^*^, the ion 
added, deposition was 89.3%. 

Thallium. In simple aqueous electrodepositions, both lead and thallium 
stand out because of their tendency to form spongy, tree-like growths of 
metal; ammonia solutions proved almost as bad in this respect. The indi¬ 
vidual crystals of the “tree” were somewhat smaller in the'case of thallium 
than held true for lead, both iodide and nitrate giving almost identical re¬ 
sults. Deposits were not weighed because the tiny size of the crystals made 
washing very difficult, even by the manipulation successful with lead. Anode 
corrosions were again well beyond theoretical requirements—106.6% and 
117.6% for the nitrate and iodide, respectively. 

Tin. Since stannic chloride did not dissolve adequately in ammonia at 
» although giving a good deposit, with a stannous anode corrosion of 
T 12.8% and a stannic deposition of 60.1%, it was decided to utilize stannic 
iodide as an electrolyzing salt. The dried salt weighed 0.6554 grams—30 c.c. 
of ammonia were used—but even here solution was far from complete; the 
red salt merely turned white, forming an ammoniate as a milky white liquid, 
the precipitate settling slowly but completely. Despite this relative insolu¬ 
bility, the solution yielded a fine metallic deposit, back no less than front, 
with a current of 333 milliamperes per square decimeter—about i.i volts— 
showing a stannous anode corrosion of 95.5% and cathode deposition of 
40.1% (based on which was the ion at first present, these were 

190.9% and 80.1% respectively). 

Lead. Just as water solutions of ordinary, simple salts fail to give firm 
adherent plating of lead, irrespective of current density, so ammonia solu¬ 
tions failed also, though the “treeing” tendency is not as sharp. Neither the 
iodide nor the nitrate gave deposits of the desired characteristics, so sodium 
ammonoplumbite, the ammonia analogue of the ordinary, aqueous sodium 
plumbite,^ made in situ by the interaction of NaNH2 and Pbl2, was tried. 
It gave deposits apparently a bit more compact, but the fern-like growth of 
metal was still a characteristic. Anode corrosions for lead varied from 
97-5% to 112% and cathodic deposition was 79.3% for the ammonoplumbite 

* See Franklin: J. Phys. Chem., 15, 509-20 (1911). 
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and 97-5% for the nitrate. It may be of some point to mention the fact that 
the lead so obtained was of extreme purity; crystals were exposed to labora¬ 
tory conditions for many months without losing their lustre or assuming 
any of the usual lead dullness. 

Arsenic. In sharp distinction to the failure of its congeners, antimony 
and bismuth, to deposit at all (as will be discussed later), arsenic gave a small 
amount of deposition, anhydrous AsBra being used as the electrolyte. The 
greater part of the salt added to 30 c.c. of ammonia failed to dissolve, though 
it was obvious that there had been some preliminary reaction between it and 
the ammonia, since the precipitate took on the appearance characteristic 
of aqueous Al(OH)3. A density of 833 milliamperes per square decimeter, 
requiring 2.5-2.8 volts, with a lump of sublimed arsenic as anode, gave con¬ 
siderable gassing at the cathode, but a thin, quite uniform deposit of dark 
metal did form, both front and back being covered. The deposit was defi¬ 
nitely metallic in appearance, and dissolved very rapidly in concentrated 
HNOa (aqueous). Because of anode disintegration, no anode loss could be 
computed; deposition was only 5.1% of coulombmeter theory. 

Chrorniym. Electrolysis of (.>(CNS)8, using aqueously deposited 
chromium as anode, with a cathode current density of 16,700 milliamperes 
per square decimeter, required between 5 and 6 volts for operation, and gave 
a complete thick plate on the front of the cathode, with a somewhat scanty 
deposit on the back. Electrode separation was only 12 mrn., yet the throwing 
power proved far better than for most aqueous chromium baths, though still 
far from good, particularly when compared with other metals. Hydrogen and 
metal were co-deposited continually during the electrolysis and the gas had 
to be blown off to prevent excess pressure in the cell (lower current densities 
also gave vigorous gassing at both electrodes). Based on considera¬ 

tions, anode corrosion was 14.4%, cathode deposition only 1.2%. Electrode 
attack and deposition were of the same general order of magnitude with lower 
current densities, too, which did not give adequate plating. C-hromium, 
therefore, acts much the same in ammonia as in water, with a sharp tendency 
toward anode passivity. 

Manganese. In direct contraposition to the difficulties encountered with 
aqueous deposition of manganese, electrolysis in ammonia gave excellent 
results, except for the grave tendency of the plate to peel and flake off. 
Manganese metal of 97.2% purity was used as an anode; iron present being 
1.48% and silicon 0.23%. A current of 167 milliamperes per square decimeter 
was used, the low voltage of about 0.9 being explained to an extent by the 
small electrode separation—8 mm. As electrolyte, Mn(CNS)2 was used. 
The salt—0.2574 grams in weight—with 30 c.c of ammonia, did not dissolve 
completely, but formed a cloudy suspension. The deposit was not only 
complete on the front, but also covered most of the back of the cathode, indi¬ 
cating fairly good throwing power. Some of the cathode metal peeled off on 
the least jarring; it was washed and weighed separately. Anode corrosion 
was 95*4% and cathode deposition 97.8%. The metal obtained was of high 
purity—crystals exposed in the laboratory for some time retained their 
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lustre, without the usual rusting, this freedom from corrosion being a char¬ 
acteristic of the pure metal.^ Iron, if at all present in the deposit, was .so 
extremely low as to give no color with the delicate thiocyanate test. 

Iron, By the use of ferrous iodide at a current rate of 116-133 milli- 
amperes per square decimeter, perfect deposition of iron was obtained; the 
voltage being approximately 2.75. Throwing power was excellent. Anode 
corrosion, rather surprisingly, ranged only from 5.4 to 6.0%, while deposition 
dropped to 8.7% on the optimum current density, rising again sharply to 
29.2% with higher values of current. Gassing at both electrodes serves to 
explain the low current efficiencies. 

Nickel, As with aqueous solutions, ammonia electrolysis gives fine ad¬ 
herent deposits of nickel, platinum-like in brightness, with fine throwing 
power. Ni(CNS)2.4NH3 was used, being synthesized by the method sug¬ 
gested by Bohart.2 Extremely low current densities were required to prevent 
the deposit from peeling; only by dropping to 50 milliamperes per square 
decimeter was perfect adhesion obtained. No gas was evolved in any 
electrolysis. In the best run, 1.1579 grams of the salt were dissolved in 
40 c.c. of ammonia; electrode separation was 21 mm. and a voltage of ap¬ 
proximately 1.25 was required. Anode corrosion was 104.5%; cathode de¬ 
position 92.3%. 

Cobalt, Cobalt was deposited in an analogous manner, 0.6534 grams of 
Co(CNS) 2, not entirely nickel-free, dissolving completely in 35 c.c. of am¬ 
monia. As anode, aqueously electrodeposited cobalt was used. A square 
decimeter density of loo-i 17 milliamperes required 0.7-0.8 amperes for 14 mm. 
separation. The deposit was considerably darker than in the case of nickel, 
with the slightest tendency toward blackness at certain points. Adherence 
was perfect, as was also the throwing power, the back being plated equally 
with the front. Anode loss and cathode gain were identical and close to 
theoretical, 98.0%. 

Palladium, By the solution of 0.2578 grams of Pdl2 in 30 c.c. of ammonia 
(solution was readily accomplished) and electrolysis with an insoluble plati¬ 
num anode, a bright shiny deposit of palladium metal was obtained, com¬ 
pletely covering both front and back of the cathode. The current density 
was about 116 milliamperes per square decimeter at 1.7 volts. Electrode 
separation was 13 mm. Cathode deposition proved to be only 68.7%; perhaps 
depletion of will explain the low results, though no gassing as such was 
observed. 

Platinum, Rather surprisingly, platinum gave considerable difficulty, 
in this respect ammonia being radically different from water as a solvent. 
With the tetraiodide as the electrolyte 167-233 milliamperes per square 
decimeter failed to give any deposition at all, and higher current densities— 
1700 milliamperes or so to the square decimeter—caused considerable burn¬ 
ing, though even under these conditions deposition efficiencies were low. A 

^ Royce and Kahlenberg: Trans. Am. Electrochem. Soc., 50 , 281-300 (1926). 

* G. S. Bohart: J. Phys. Chem., 19 , 537-^3 (iQiS)- 
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thin greyish deposit was the best that could be obtained, with some burnt 
spots. In all electrolyses, hydrogen was evolved profusely. It is interesting 
to note that in aqueous deposition of bright platinum, it is necessary to cut 
down the Pt++++ concentration sharply by means of phosphates or similar 
ions, otherwise “platinized” types of plates will result. Here, hydrogen was 
inevitable with any deposition at all, yet the deposit was hardly a really good 
one and was not very adherent. The best run indicated a io.o% cathode 
efl&ciency, 0.2339 grams of PtH being dissolved in 25 c.c. of ammonia with 
anode and cathode 16 mm. apart. Current density was about 1,670 millia- 
amperes per square decimeter, and 8-12 volts were required, rising toward the 
end, perhaps because of a tendency for depletion near the cathode. 

This brings to an end the metals where success was attained. Deposition 
failure occurred, among those tried, with two metals readily deposited in 
water, and with four which are akin in their aqueous action to that of am¬ 
monia. The former included antimony and bismuth, while the latter were 
represented by aluminum, thorium, tungsten and molybdenum. 

Aluminum. Electrodeposition of beryllium raised great hopes for similar 
success with aluminum, particularly in view of the generally accepted lower 
electromotive position of aluminum. Nothing of the sort materialized, how¬ 
ever; proving, if nothing else, the danger of thinking strictly by analogy. 
Despite the high solubility of All,3 at room temperatures, such solubility 
proved very sharply lower at the normal boiling point of ammonia and only 
a small portion of the salt dissolved. With the various current densities tried, 
there was vigorous gassing and a blue-black film seemed to form on the 
cathode, but this deposit, if such it was, disappeared whenever the current 
was turned off. Perhaps some subiodide, subnitride, or similar compound 
was forming by reduction. Anode corrosions (the anodes were of Hoopes 
Process aluminum, 99.9579^ pure) varied considerably, from 86.3% to 105 .. 
An ammono-alkaline solution of KNH2, with All3 added to it, also failed to 
yield a deposit. Anode corrosion here was 84.5^^. 

Thorium. Thorium occupies, to the best of our present knowledge, a 
position in the aqueous electromotive series about the same as that of alumi¬ 
num. Its failure to deposit in ammonia may or may not be in some way 
related to this fact. Both the iodide and bromide were tried, though in all 
cases, very little of the salt dissolved. Current densities of 167 to 11,700 
milliamperes per square decimeter of cathode failed to yield anything but 
gassing. The addition of KI to a ThBr4 solution caused electrolysis to sepa¬ 
rate out the blue solution of metallic potassium, but no thorium appeared. 
In all routine cases, the voltages necessary rose rapidly with continuation of 
the electrolysis, indicating rapid depletion of the conducting ions; for the 
bromide, the full no volts were required at times. 

Bismuth. In these low temperature runs, attempts were made to elec¬ 
troplate from the anhydrous bromide, and also from the anhydrous chloride 
with an effort to boost the solubility by addition of acid in the form of am¬ 
monium chloride. Only a small portion of either salt dissolved, and elec- 
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trolysis yielded strong gassing at the cathode. Both types of run showed 
full, and over, anode attack— 108.4 and 109.3%. At the anode, a bismuth 
plate 4 square centimeters in size, a white salt seemed to form during opera¬ 
tion, and slowly float away. Voltages rose in both types of run, indicating 
decomposition of the electrolyte. 

Antimony, Essentially the same situation held true for antimony. The 
tribromide dissolved to so small an extent that no deposition was possible.^ 

Molybdenum. The electrolyte used in the many attempts at precipitating 
molybdenum was the pentachloride.^ Electrolyses were tried at various 
current densities, ranging from 67 to 15,200 milliamperes per square centi¬ 
meter. Except for black or brown films occasionally found on the cathode, 
which probably represented lower-valence compounds of molybdenum, 
ammoniated or ammonlyzed, there was no deposition. Anode corrosions on 
pure molybdenum sheet were relatively low, but quite consistent, considering 
the range of current densities—the lowest was 23.0% based on the 

highest 36.8%. Voltage requirements were not at all excessive, even though 
the salt proved relatively insoluble in the solvent at — 33°C.; a dark pre¬ 
cipitate, slow in settling, always formed. 

One experiment was made involving the addition of ethyl acetate to the 
ammonia, in the hope of increasing the MoCU solubility. This was based on 
the work of Lloyd,who showed that MoCU, dissolved in methyl or ethyl 
acetate, conducted extremely well, but definitely failed to give any hope along 
electrodeposition lines. As in all other runs, gassing was strong, but was 
rather difficult to watch here because the solution turned black, though no 
visible precipitate as such appeared for quite some time; when it did, it was 
brownish-black in color, the solution remaining black nevertheless. It 
proved necessary to bleed off the hydrogen quite frequently, as was true 
of all cases where deposition failed. There was absolutely no plating of metal, 
despite fairly good conduction. Anode corrosion was of the same order of 
magnitude as in other molybdenum runs, 30.3%-. 

Tungsten. Like the molybdenum it resembles so closely, tungsten failed 
in all electrodeposition efforts. As ionogen, WBr^ was utilized. One test 
was made involving the addition of KI to aid current passage; on electrolysis 
with 1,670 milliamperes per square decimeter, only hydrogen was formed, but 
on raising the current, the blue of metallic alkali dissolved in ammonia ap¬ 
peared. Even with as high a current density as 100,000 milliamperes per 
square decimeter, there was no deposition on the cathode. Quite definitely, 
potassium separates while tungsten does not. 

High Pressure Cell 

Since failure with the six metals just listed had been complicated by the 
adverse factor of low salt solubility, it was hoped that the higher solubility 
brought by electrolyzing at room temperatures would result in deposition. 

^ For antimony salts insolubility, see Franklin: Z. anorg. Chem., 46 , 33 (1905). 

* Bergstrom: J. Am. Chem. Soc., 47 , 2317-23 (1925). 

«Lloyd: J. Phys. Chem., 17 , 592-5 (1913). 
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This seemed particularly logical since the aluminum, molybdenum, and 
tungsten halides used were known to be very soluble at the higher temperature 
ranges. 

Beryllium, Though the deposition of beryllium had proved quite feasible 
at lower temperatures, it was decided to try a run in the high pressure cell as a 
check on the cell itself. This time the far more available BeCh was used as 
ionogen; 6.9915 grams were used to 25 c.c. of ammonia. Voltage requirements 
rose rapidly, indicating a depletion of ions, or coating of the electrodes with 
carbon halides always found in beryllium chlorides made by the carbon 
tetrachloride method; within about half an hour of operation, the total inter¬ 
nal resistance of the cell rose from about 9 to about 84 ohms. Despite this 
difficulty, a very adherent, even if fully black, deposit of metal was obtained. 
Cathode efficiency was only 5.7%, as opposed to an anode attack of 64.8%. 

Aluminum, Greatest effort was directed toward the electrodeposition of 
aluminum, the analogue of which, beryllium, had proven so tractable. Cur¬ 
rents tried were from 3,300 to 33,300 milliamperes per square decimeter; 
these high currents resulted in the cell heating up, and building up pressures 
as high as 250 pounds, both by increased vapor pressure of the ammonia 
and by hydrogen evolution. Aluminum iodide was the salt used, about 3 
grams to 25 c.c. of ammonia. Electrode separations here were somewhat 
lower than in the other cell—15 mm. was general. Anode losses ranged from 
83.1% to 104.6%, not radically different from values obtained in the low 
temperature electrolyses. 

Thorium, Continuing its electrochemical resemblance to aluminum, 
thorium failed to give any deposition from a bromide solution, the elec¬ 
trolyses involving current densities as high as 26,700 milliamperes per square 
decimeter of cathode. Anode corrosions were uniformly high and of the 
same order of magnitude, as before i28.7%-i33.o%. Whatever factor is 
operative in the case of aluminum probably carries through here also. 

Bismuth, Of the two metalloids that had failed deposition, it was deemed 
better to concentrate on the more metallic bismuth. Both low and high 
current densities failed to give any deposition whatever, the latter rising as 
high as 16,500 per square decimeter; rather surprisingly, only 13.4-16.0 volts 
were required, indicating the presence of considerable electrolyte—most 
likely, however, the product of ammonolysis. The salt used was BiBra, 
anhydrous—about 2.5 grams to 25 c.c. of ammonia. Anode corrosion in the 
most representative run was 80.6%. 

Molybdenum, No greater success was attained in pressure electrolysis 
of Mods than had attended the lower temperature operation. With 2.3631 
grams dissolved in 35 c.c. of ammonia, no deposition was obtained with 5,830 
milliamperes to the square decimeter; there was only evidence of strong 
gassing during the run, as indicated by pressure rise. Electrolytic attack 
on the anode was lower than previously, being only 17.6%. 
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Tungsten. This metal followed molybdenum closely, yielding no deposi¬ 
tion at all with WBis, despite a current of 16,700 milliamperes per square 
decimeter on the cathode; the cathode remained clean and bright. The 
anode, a rod of swaged tungsten 4X4 millimeters in size, showed a loss of the 
same order of magnitude as the molybdenum above, viz, 15.5%. 

Summary 

Many metals can be deposited cathodically from anhydrous ammonia 
solutions of their salts in compact, adherent form. 

Of the commoner metals which can be deposited from water solution, 
only bismuth and antimony indicate complete failure to deposit cathodically 
from ammonia. 

Of the commoner metals not deposited from aqueous electrolytes, beryllium 
is the only one found successful in ammonia (other than the alkalies and alka¬ 
line earths, as long previously known). 

An electrolysis cell has been designed for high pressure electrodeposition 
studies. 

High pressure, room temperature electrolyses do not give electrodeposition 
in ammonia in the case of those metals failing at the normal boiling point of 
the solvent. 


Morley Chemical Laboratory 
Western Reserve University 
Cleveland, Ohio. 



AN X-RAY STUDY OF THE ALLOYS OF SILVER WITH BISMUTH, 
ANTIMONY AND ARSENIC. PART II 

BY S. J. BRODERICK AND W. F. EHHET 

The Silver-Arsenic System 

The earliest systematic investigation of the silver-arsenic system was 
carried out by Friedrich and Leroux.* Using both the thermal and micro¬ 
scopical methods of analysis, Heike and Leroux*® completed the work of the 
former men and established the diagram shown in Fig. i. Their analysis 
revealed a solid solution region (a) between 95 and 100%* silver. The 
eutectic came at S4o®C. and 82% silver. It consisted of arsenic and mixed 
crystals (7.5% As) and upon cooling below 374® the /3 phase was transformed 
into the eutectoid of arsenic and a. 

Preparation of Alloys 

The vapor pressure of solid arsenic reaches one atmosphere at about 615°. 
At temperatures above this the metal sublimes rapidly without melting 
if kept in an open vessel. Consequently this series of alloys could not be 
prepared in open crucibles. Instead, transparent quartz tubes were used. 
By means of an oxygen-gas flame the tubes were sealed at one end and drawn 
out to a rather small bore at a point two or three inches from the closed end. 
Weighed pellets of silver and portions of powdered arsenic were introduced, 
connection was made to a vacuum pmnp and the tubes were sealed off. Evac¬ 
uating eliminated the possibility of oxide formation. The melts wem made in 
an electric muflie furnace at the temperature at which fusion took place. 
It was found advisable to keep the temperature as low as possible in effecting 
fusion because arsenic develops a considerable vapor pressure at tempera¬ 
tures above its melting point. The vapor pressure of pure arsenic is 36 at¬ 
mospheres at the melting point, 814°. In order to insure a thorough mixing, 
the tubes were inverted after the first fusion and the alloys remelted. The 
method of chemical analysis and the X-ray apparatus were the same as 
mentioned in Part I of this paper.^ Quenched specimens were obtained in the 
usual manner, i.e., fihngs were first sealed in evacuated quartz tubes, then 
annealed, and finally quenched in cold water. This practice rapidly brings 
the alloy to a state of equilibnum at the elevated temperature and the quench¬ 
ing is quick and uniform. Annealing temperatures were controlled by means 
of a calibrated thermocouple. 

^ Friedrich and Leroux: Metallurgie, 3 , 192 (1906). 

2 Heike and Leroux: Z. anorg. Chem., 92 , 119 (1915). 

♦ The percentage compositions are weight percents unless otherwise mentioned. 

* Broderick and Ehret: J. Phys. Chem., 35 , 2627 (1931). 
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Experimental Results 

In this system, only the range from 20-100% silver was studied because 
of the difficulty of preparing alloys with high arsenic content. Plate i shows 
a series of photograms of the silver-arsenic alloys. On the photogram of the 
20% silver alloy one can easily see the superimposed patterns of the two 
phases, arsenic and alpha. These two phases coexist at ordinary temperatures 
up to a composition of 95% silver which marks the limit of the solid solution 
range of arsenic in silver. This limit could not be determined with any degree 
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Platk I 

Powder Photograms of the System Ag-As. 
Mo-K Radiation 


of accuracy by plotting percentage composition against the size of the silver 
lattice (as was done in the silver-bismuth system) because the increase in 
the silver lattice parameter is so slight. The microscope is more accurate in 
fixing this point which has been found to be close to 5% arsenic. The increase 
in the silver lattice is from 4.076 to 4.080 A. Since this difference is only 
slightly greater than the experimental error it might easily be ascribed to the 
latter if it were not for the fact that the photogram for the 94.2% silver alloy 
was taken simultaneously with that of pure silver and it is easily seen that a 
shift in the diffraction lines has occurred. These patterns were taken on the 
same film under identical conditions of exposure, development, and drying. 
It is therefore concluded that arsenic expands the silver lattice slightly. When 
less arsenic is dissolved in the silver (97.9% Ag, Plate i) the shift in the silver 
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lattice can no longer be detected. The agreement between the measured 
density of the 5% arsenic alloy (10.25 gnas. per cc.) and that calculated 
(10.26) indicates that the solid solution is one that is formed by simple sub¬ 
stitution. From the fact that none of the photograms reveal a diffraction 
pattern for arsenic that differs from that of pure arsenic, it is concluded that 
the solubility of silver in arsenic is very low or nil. 

Bela Phase: Microscopical investigation of quenched specimens by Heike 
and Leroux* indicated the existence of this solid phase at temperatures above 
374°. Their diagram shows the phase at the composition 92.5% silver. The 
authors have also found this phase under the microscope in specimens 



Fig. I 

Equilibrium Diagram of the System Ag-As according to Heike and Ijcroux. 


quenched from 475°. An examination of the photograms of alloy specimens 
that had been quenched from 430° or 480® and that lay in the range 80-95% 
silver, revealed the diffraction pattern of the 0 phase. From the fact that no 
changes in the lattice constants of the phase were noted it is inferred that the 
phase has either a very narrow homogeneity range or it is homogeneous over a 
range of a few percent and no change in lattice accompanies the change in 
composition. The composition of the phase is probably close to that found 
microscopically (92.5% Ag) since the photogram of the 89% silver alloy 
conta'ned faint indications of the strongest diffraction lines of arsenic and the 
93.2% alloy was decidedly two-phased, a + These two percentages there¬ 
fore lie on opposite sides of the homogeneity interval of the 0 phase. Rapid 
quenching from 390°, which, according to Fig. i, should result in the appear¬ 
ance of the diffraction pattern of this phase, gave no indication of it. This 
points to the conclusion that the /3 phase is not stable at temperatures as low 


' Heike and Leroux; loc. cit. 
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as 390®. Since Heike and Leroux observed pronounced temperature halts at 
374® for many of their alloys, it will require further experiments to settle this 
apparent disagreement between the thermal and X-ray analysis concerning 
the lower limit of stability of the /3 phase. 

Table I 

89% Ag.-ii% As. Quenched from 48o®C. Beta Phase 


Indices 

K 

Radiation 
of Mo. 

Intensity 

Spacing of 
Planes 
Observed 

Sin.2 e 
Observed 

Sin.^e 

Calculated 

100 

a 

M 

2.500A 

0.0202 

0.0201 

001 (2) 

a 

W 

2.360 

0.0226 

0.0226 

101 

a 

S 

2.220 

0.0260 

0.0258 

102 

a 

w 

1.720 

0.0426 

0.0427 

110 

a 

M 

1*445 

0.0604 

0.0603 

103 

a 

S 

1*336 

0.071 I 

0.0710 

112 

Oil 

M 

1.238 

0.0818 

0.0818 

112 

Oii 

M 

1.229 

0.0839 

0.0840 

201 

ot\ 

M 

1.213 

0.0852 

0.0848 

201 

0L2 

M 

1.204 

0.0874 

0.0873 

001 (4) 

Oil 

V.V.W. 

1.183 

0.0895 

0.0895 

001 (4) 

a2 

V.V.W. 

1.174 

0.0920 

0.0912 

lOI (2) 

oil 

W 

I. no 

0.1017 

0.1017 

lOI (2) 

0^2 

W 

I . lOI 

0.1045 

0.1044 

104 

Oil 

W 

1.069 

0.1097 

0.1094 

104 

Ot 2 

W 

1.063 

0.1121 

0.1116 

103 (2) 

Ofi 

W 

0.982 

0.1299 

0.1296 

103 (2) 

^2 

W 

0.976 

0.1330 

0.1330 

211 

ot\ 

M 

0.931 

0.1446 

0.1442 

211 

a2 

M 

0.926 

0.1478 

0.1485 

114 

oti 

M 

0.916 

0.1494 

0.1490 

114 

OL2 

M 

0.911 

0.1527 

0.1524 

105 

oil 

M 

0.886 

0.1596 

0.1598 

105 

012 

M 

0.881 

0.1633 

0.1630 

213 

oil 

M 

0.814 

0.1891 

0.1890 

213 

012 

M 

0.809 

0.1936 

0.1941 

001 (6) 

oil 

W 

0.789 

0.2013 

0.2016 

001 (6) 

oil 

W 

0.785 

0.2057 

0.2052 

205 

oil 

V.W. 

0.755 

0.2198 

0.2190 

205 

oil 

V.W. 

0.751 

0.2247 

0.2242 

lOI (3) 

oil 

V.W. 

0.741 

0.2282 

0.2286 

lOI (3) 

oil 

V.W. 

0.737 

0.2333 

0.2339 


ai = 2.891 A. (Side of elementary parallelopiped) 
as = 4.722 A. (Height of elementary parallelopiped) 
as/ai = 1.633 = Axial ratio. 
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The structure of the 0 phase has been determined from measurements of 
the photogram of the 8o% silver alloy quenched from 480®. Both from the 
position and the intensity of the diffraction lines it belongs to the hexagonal 
close-packed system with two atoms per elementary parallelepiped. The 
spacing of the planes together with the calculated and observed sin^ d values 
are given in Table I. The size of the unit cell is found from the quadratic 
formulae already given in connection with the epsilon phase in the silver- 
antimony system (Part I). Silver and arsenic atoms are distributed at random 
in the lattice. 

The constants A and B for the quadratic equations are calculated upon 
the basis of an average wave length of 0.710 A. and also for a wave length of 
0.708 A. (Kai) and 0.712 A. (Ka2). These are given in Table II. 


Table II 


Mo-K 

Radiation 

Wave 

Length 

A 

B 

Oil 

oc 

0 

0 

0.0198 

0 0056 

Oi 2 

0 712 

0.0204 

0.0057 

a 

0 710 

0 0201 

0.00565 


Additional support for the choice of structure is found from a comparison 
of the calculated and experimental values of the density. The density 
calculated from the structure is 0.94 gms. per cc., in good agreement with 
the experimental value of 9.98. 

Discussion of the Ag-As, Ag-Sb, and Ag-Bi Systems and their 
Relation to other Alloys 

A survey of the three systems examined shows that they contain several 
analogous structures. In all three cases there is a limited amount of solid 
solution in silver {a phases) and silver is practically insoluble in the other 
metals. In the Ag-Sb and Ag-As systems a hexagonal close-packed structure 
is found at 89.5 atomic % silver. This phase has a considerable homogeneity 
range in the former system (84-90 atomic % silver) whereas in the latter case 
this range is very narrow and the phase is stable only at elevated temperatures. 
The rhombic e' phase in the Ag-Sb system does not find its counterpart in 
the other two systems. Ag-Bi, with the exception of the end members, shows 
little structural relationship to the other two systems, a state of affairs that 
has also been found in the series Cu-As,* Cu-Sb,‘^ and Cu-Bi®. The latter 
system shows little resemblance to the other two whereas it resembles Ag-Bi 
markedly. A possible means of explaining this difference of the Bi alloys 
and also the general simplicity of the equilibrium diagrams of the binary 
alloys of Bi, lies in the fact that Bi possesses a larger atomic volume and 

' Katoh: Z. Kristallographie, 76 , 228 (1930). 

2 Westgren, Hagg and Eriksson: Z. physik. Chem., B4, 453 (1929). 

»Ehret and Fine: Phil. Mag., 10, 551 (1930). 
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smaller nuclear density^ than all other metals with the exception of the very 
light alkalies and alkaline earths. 

It has often been demonstrated that a knowledge of atomic volumes and 
radii is of considerable help in explaining the changes that take place in 
structural constants when solid solutions are formed. It has been pointed 
out that the atomic volume is practically constant for an element in all its 
compounds and solid solutions. Although the authors are of the opinion 
that the size of atoms is only of secondary importance as a determining factor 
in the structure of intermetallic phases, it will be of interest to examine the 
effect of introducing As, Sb, and Bi atoms respectively into the silver lattice. 
Table III presents values for the volumes occupied by the atoms in the pure 
metals. Table IV shows a regular decrease in solubility of added metals as 
their atomic volumes increase. The unusually large increase in the Ag lat¬ 
tice, produced by Sb, is difficult to explain. The additivity rule, in its widest 
sense, is apparently not applicable here, since the effective atomic radius 
and volume of Bi are certainly larger than those of Sb. 

Table III 

Volume occupied by Atoms 


Calculated from 
volume and no. of 16.9 A 

atoms per unit cell 

As 

’ 23.5 A* 

Sb 

30.2 A® 

Bi 

35*3 

Calculated from 
density and 16.9 

atomic weight 

21.6 

29.9 

35*2 

Bemars value 

(loc. cit.) 16.9 

— 

23.6 

34-0 

Table IV 

Expansion of Lattice in Solid Solutions 

As Sb 

Approx, solubility 

in Ag under ordinary 7.0 5.0 

conditions. In atomic % 

Bi 

30 

Linear increase in Ag 
lattice in forming 
satd. solid soln. In A 

0.004 

0033 

O.OII 

Linear increase per atomic 
percent added metal 

0.0006 

0.006 

0.004 


^ Bernal: Trans. Faraday Soc., 25 , 367 (1929). 
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As the result of their broad experience with crystal structures as they exist 
in metallic systems, Westgren and his co-workers have announced two gen¬ 
eralizations which have some bearing upon the systems under consideration 
here. Their first rule may be stated as follows: In binary metallic systems, 
structurally analogous phases recur when the composition is such that the 
ratio of valency electrons to atoms has reached a certain value. It seems 
quite certain that this ratio is of primary importance as a factor determining 
the structure of intermctallic phases. Thus it has been noticed that a close- 
packed hexagonal structure is found in many systems when the composition 
is such that the above ratio is 7:4.^ This holds true in the systems Ag-Sb 
and Cu-Sb in which the e phases occur very close to the compositions cor¬ 
responding with a 7 to 4 valency-atom ratio. The hexagonal close-packed 
iS phase (92.5% Ag) in the Ag-As system occurs at a composition consider¬ 
ably removed from the one expected,—Agis Asa, 86% Ag, 714 ratio. Like¬ 
wise, Katoh^ found a hexagonal (not close-packed) phase in the Cu-As system 
at 28.6% As when a close-packed one might have been expected at or near 
21.5%,.* These discrepancies might conceivably be attributed to the nature 
of the arsenic atom whose non-metallic properties are well known. Binary 
combinations containing a metal and arsenic are probably more akin to 
heteropolar unions than to metallic systems. 

The second generalization concerns the space occupied by individual 
atoms in intermctallic phases. In practically all cases, alloy phases are 
formed with a contraction in volume per atom\ That there is contraction in 
the systems Ag-Sb and Cu-Sb has already been reported*. The authors 
have found a similar contraction in the Ag-As alloys as may be seen from 
Table V. It has been assumed that there is linear variation of volume per 
atom with composition in order to obtain the values in the column headed: 
Volume per atom, calculated. 


Table V 


The Volume per Atom in the Ag-As System 


Atomic 

percent 

Arsenic 

Phase 

Volume per atom 
(observed) 

Volume per atom 
(calculated) 

f ' 

/C 

contraction 

0.0 

Ag 

16.9 A* 

16.9 A"* 

— 

7.0 

Saturated a 

17,0 

17-4 

2.3 

10.5 


17.1 

17.7 

3-4 

100.0 

As 

23 -5 

23 -5 

— 


1 Westgren and Piiragm^n: Trans. Faraday Soc., 25 , 379 (1929). 

2 Katoh: loc. cit. 

® Westgren and Almin: Z. physik. Chem., B 5 , 14 {1929). 

* Katoh does not mention quenching alloys in the region 21% As from higher tempera¬ 
tures. It is possible that a hexagonal close-packed structure exists at elevated temperatures. 
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Summaiy 

The X-ray crystal structure examination of the Ag-As system supports 
the thermal diagram of Heike and Leroux in the main. 

The solubility of arsenic in silver is close to s weight percent. Within 
this phase the lattice parameter is increased from 4.076 A for pure silver to 
4.080 A. for the saturated phase. The solubility of silver in arsenic is prac¬ 
tically nil. A /3 phase (ca. 7.5% As) appears at higher temperatures. Its 
structure is hexagonal close-packed with an axial ratio of 1.633. The side of 
the elementary parallelepiped constituting the unit cell is 2.891 A. and the 
height 4.722 A. The homogeneity range of the phase is very narrow. 

The crystal structures found in the Ag-As, Ag-Sb, Ag-Bi, and related 
systems are discussed from the following viewpoints: (I) structure analogies, 
(II) atomic sizes, (III) valency-atom ratios, (IV) contraction upon forming 
intermetallic phases. 

New York University^ 

Washington Square College 

New York , N . Y . . 



REACTIONS IN THE BRUSH DISCHARGE* 

BY ARDITH P. DAVIS 

PARTI 

The Decomposition of Acetone 

M. L. Maquenne working with organic vapors in the silent electric dis¬ 
charge found a decided similarity between the products formed by the dis¬ 
charge and the products formed by the pyrolysis of the same compounds. 
His first work on this subject' was with formic acid. He worked with a dis¬ 
charge tube similar to one introduced by Berthelot.“ He reduced the pressure 
in the tube by means of a water pump so that there would be a more uniform 
discharge. He showed that the volume of hydrogen formed was always very 
nearly equal to the volume of carbon dioxide formed. This was true also for 
the gases which Berthelot found were produced by the pyrolysis of formic 
acid. This, he said, made evident a decided similarity between the two types 
of decomposition. In Iwth cases the reactions were: 

HCOOH = COi + H2 
HCOOH = CO -I- H ,0 

In a second paper on silent electric discharges* he describes work done 
with the same apparatus. He says that all substances studied except benzene 
(i.e. formic acid, methyl alcohol, ethyl alcohol, acetic acid, acetone, and 
methyl formate) decomposed rapidly. Quoting from his article: “Tous les 
corps 6tudi6s, sauf la benzine qui r6siste aux tensions ^lectriques employees 
(is millimetres d’etincelle avec condensateur), se d6composent rapidement 
dans un tube 4 effluves en oxyde de carbone, acid carbonique, hydrogdne et 
carbures: les gaz sont les memes qu’on obtient par la chaleur au rouge sombre, 
et souvent leurs proportions relatives sont extrfimement voisines.” 

Because of the importance of Maquenne's conclusions it seemed wise to 
scrutinize carefully his gas analyses. He did not describe them in detail, but 
he did say that he had to resort to atmolysis in order to separate the hydrogen 
from the methane and ethiine. He analysed for carbon monoxide by absorp¬ 
tion in cuprous chloride solution. In some of his analyses he absorbed carbon 
monoxide and acetylene together in cuprous chloride. The cuprous chloride 
method for the determinstion of carbon monoxide is not now considered to be 
reliable. Concerning his work on ethyl alcohol he says that the gas had the 
odor of aldehyde and acetylene, and he continues in the same sentence to say 
that the gas was washed with water before proceeding with the analysis. If 

* For an excellent description of electric discharges, see Warner and Kunz, “Corona 
Discharge,” Univ. of Ill. Bull. 114. 

> Bull, (2) 39 , 306 (1883). 

* Ann. Chim. Phys., (5) 12, 463 (1877). 

® Maquenne: Bull., (2) 40 , 60-65 (1883). 
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he really wanted to know what was present in the gas it is hard to see what 
good he expected to accomplish by washing it with water; perhaps he thought 
it would remove the aldehyde. It is this sort of treatment that causes one to 
question the value of his analyses. 

In summarizing his expectations concerning the behavior of acetone in 
the discharge he says: ‘‘La facility avec laquelle Toxyde de carbone se produit 
dans toutes les decompositions precedentes [decomposition of ethyl alcohol, 
methyl alcohol, acetic acid, and formic acid] nous a fait penser que I’acetone 
puorrait se dedoubler, par Teffluve, en oxyde de carbone et ethane; Texperience 
a compietement verifie cette prevision.^' The gases obtained from acetone 
in the silent electric discharge were as follows: 


Pressure in the 


discharge tube 

low 

low 

50 mm. 

100 mm. 

Carbon dioxide 

I. I 

0.6 

I. I 

0.6 

Carbon monoxide 

37-5 

36.3 

40.0 

42.1 

Ethylene 

4.3 

4-4 

3-5 

2.9 

Ethane 

32.4 

33-7 

29.7 

30.0 

Hydrogen 

24.7 

25.0 

25,7 '• 

24.4 


Acetone decomposed by heat was changed to gas of the following composition: 


Temi)erature 

dull red 

above dull 

Carbon dioxide 

1,2 

0.6 

Carbon monoxide 

395 

36.0 

Ethylene 

7.0 

3-3 

Ethane 

22.4 

21.8 

Hydrogen 

29.9 

38.3 


These figures are strikingly similar to the ones in the preceding table. From 
these data Maquenne concluded that the reactions occurring in the silent 
electric discharge are comparable with those due to high temperature. 

Alexander v. Hemptinne^ working with acetone vapor in an electric dis¬ 
charge decided that acetone was decomposed by it primarily into carbon 
monoxide and ethane because these were the principal constituents of the gas. 
This was obviously the main primary reaction but it was probably not the 
only one. He suggested that methane was probably produced by a secondary 
reaction. He did not go any deeper into the intricacies of the reactions. 

G. Poma and A. Nesti^ working with acetone in a discharge tube of the 
ozonizer type found that it was decomposed by a 42-cycle current into a gas 
mixture containing 

1.6% carbon dioxide 


S-o 

acetylene and ethylene 

38.1 

carbon monoxide 

5 S -3 

methane and ethane 

^ Z. physik. Chem., 25 , 292 (1898). 

»Gazz., 51 II, 87-88 (192O. 
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The potential difference across the tube was from 5,000 to 10,000 volts. From 
the gas analysis they concluded that the main reaction was 

CH3-CO-CH3 = CO + C2H0 

This was about the only conclusion that could be drawn, because the acetylene 
and ethylene were not determined separately and the methane and ethane 
also were grouped together. Their analysis was not complete enough to en¬ 
able them to draw any further conclusions about the reactions that produced 
the gas. Their examination of the exposed acetone revealed the presence of a 
7-diketone which they said might be acetonyl acetone. The residue that was 
left after the acetone was evaporated was fractionally distilled. This frac¬ 
tionation demonstrated to them in striking fashion the complexity of the 
residue. Translating from their article, ‘^a fractional distillation quickly 
demonstrated the remarkable complexity of the liquid mixture remaining from 
the proceeding distillation. The thermometer mounted without interruption, 
showing no tendency to hesitate at any temperature, until the product finished 
by decomposing and becoming resinous.^’ 

Because Maquenne had shown that silent electric discharges and pyrolysis 
produce similar products, it seemed advisable to look up work done on the 
pyrolysis of acetone before experimental work was started with the brush 
discharge. 

Barbier and Roux^ found that gases produced by the pyrolysis of acetone 
consisted of carbon monoxyde, methane, ethylene, and hydrogen. They were 
unable to find ethane in the mixture. They explained this by saying that 
under the conditions under which they were working ethane was known to 
decompose into ethylene and hydrogen. In the light of later work' it seems 
probable that ethane was never formed. 

Schmidlin and Bergman^ in 1910 reported ketenc as a product of the 
pyrolysis of acetone. Since that time much work has been done on the re¬ 
action. 

Peytral^ passed acetone vapor through a short platinum tube heated to 
ii5o®C. She concluded from her analyses of the gaseous products that the 
main primary reaction was the formation of ketene, thus: 

C^lIsCOCHa = CH4 + CH2CO 

She thought that this reaction was followed by a secondary reaction in which 
some of the ketene was broken up into ethylene and carbon monoxide. The 
ethylene thus formed was decomposed to some extent into acetylene and 
hydrogen. She did not list ethane as a product. This is in accordance with 
the observations of Barbier and Roux,*’ but not in accordance with the data 
cited by Maquenne.® 

^ Bull., (2) 46 , 268 (1886). 

^Peytral: Bull., (4) 31 , 122 (1922). 

* Ber., 43 , 2821 (1910). 

^Bull., (4) 31 , 122 (1922). 

*BuJl., (2) 46 , 268 (1886). 

*Buil., (2) 40 , 60-6*? (1883). 
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The most favorable conditions for the production of ketene by pyrolysis 
have been worked out by Hurd* and his associates. These conditions give 
consistent yields of ketene that range from thirty-five to forty-five percent 
based on unrecovered acetone. 

Considering the extent to which this reaction takes place under favor¬ 
able conditions when acetone is pyrolyzed, it seemed worth while to 
look for ketene in the products formed when acetone is decomposed by a 
brush discharge. It is not surprising that it was not listed as a product by 
Poma and NestP in their work on electric discharges through acetone vapor. 
In the apparatus used by them, if ketene had been formed, it would probably 
have been dissolved by the acetone in their reflux condensers and carried 
back to the flask of boiling acetone. The ketene would then have boiled 
rapidly out of the solution and would have been exposed again to the discharge. 
The process would have repeated until it was decomposed. 

Ketene is veiy soluble in acetone. Schmidlin and Bergman’ report that 
twenty-three percent of the total yield of ketene was dissolved in the con¬ 
densed acetone. The apparatus that gives the best yields of undissolved ketene^ 
was designed so that it would separate the ketene from the condensed acetone 
as quickly as possible. The solubility of ketene in acetone was used to ad¬ 
vantage in the present research. The apparatus that was used was designed 
so that the gas that was being collected would have to pass through the con¬ 
densed acetone. Thus most of the ketene was retained by it. 

It seemed probable that ultra-violet light emitted by the discharge might 
play an important part in the decomposition of acetone. Berthelot and 
Gaudochon’ have shown that acetone is rapidly decomposed by a no-volt 
quartz mercury lamp into a gas containing 49% carbon monoxide, 5% 
methane and 469 c ethane. The predominating reaction in their work was: 

(TTsCOCH, = CO -I- CjH, 

Apparatus 

The apparatus used in this work on acetone is shown in Fig. i. It consists 
of a flask. A, in which acetone is vaporized; the discharge tube, B; a heater, 
C’, for the discharge tube; a pneumatic trough, H; a water-jacketed tube, FG, 
for collecting the gas; a leveling bulb, M, which is used to run mercury into 
FG; and a source of high frequency current. 

The discharge tube was simply two concentric glass tubes, R and S, with 
an aluminum foil electrode, D, around the outside tube and a two millimeter 
copper wire electrode inside the inside tube. All the important dimensions 
except the diameter of the small tube are given on the drawing. This small 
inner tube had an outer diameter of four millimeters and an inside diameter 
of slightly more than two millimeters. 

* “Organic Syntheses,” 39 (1925). 

»Gazz., 51 II, 87-88 (1921). 

’Bor., 43 , 2821 0910). 

* Hurd: “Organic Syntheses,” 39 (1925). 

* Compt. rend., 151,478-481 (1910). 
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The High-Frequency AUernating-Current Apparatus 

When a charged condenser discharges through a circuit of low resistance 
the current that flows has a very high frequency. This principle was utilized 
in the production of the high-frequency current. Three Leyden jars charged 
by means of a sixty thousand volt transformer were allowed to discharge 
through a closed circuit of low resistance. The high-frequency current that 
was thus generated was made available for laboratory use by including the 
primary of an air-core transformer in the closed circuit. The secondary of 
the transformer was connected to the discharge tube. The circuit used in 
this work was very similar to the old-fashioned wireless spark-transmitter 
hook-up. The main difference was that the wires that ordinarily would lead 
to an antenna and ground were connected instead to the two electrodes of the 
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discharge tube. The circuit is shown in Fig. 2. Morecroft^ discusses such 
circuits in a very enlightening way. He says, concerning the function of 
spark gaps in these circuits: ‘Tn order that the condenser may be charged to 
the high potentials required for large energy storage, and to permit its dis¬ 
charge in a suitable closed circuit of low resistance, that circuit must contain 
an element whose resistance decreases instantaneously when the condenser 
discharges and remains at a very low value during the period of discharge. 
This requirement is fulfilled by the ordinary spark gap, the resistance of the 
gap being very high before breakdown occurs, but decreasing to a very small 
value when the gap has broken down under the increasing potential impressed 



across its terminals. The spark gap and spark are thus essential to trans¬ 
mitters generating high-frequency oscillations by means of condenser dis¬ 
charges.’’ 

The parts of the high-frequency current generator and their functions may 
be summarized as follows: A is a 3 KVA transformer capable of transforming 
110 volts to 60,000 volts. It was used to charge the three Leyden jar conden¬ 
sers, C. The spark gap, B, automatically closed the condenser circuit when a 
high enough potential had been reached. While sparks were passing across 
the gap the condensers were discharging and therefore a high-frequency 
current was passing in the circuit, BCD. The air-core transformer, E, trans¬ 
ferred the high-frequency current from the closed circuit to the electrodes of 
the reaction tube. The primary of the air-core transformer consisted of six 
turns of heavy copper wire. The secondary was made up of sixty-five turns 
of annunciator wire. Both the primary and the secondary were supported 
by a wooden frame. The choke coils, F, were mounted directly on the ter¬ 
minals of the transformer. They were placed in the circuit so that the high 
frequency current could not pass back into the transformer. 

A Description of the Discharge 

Warner and Kunz^ say that “electrical discharges in gases at pressures 
near that of the atmosphere may be divided into five classes. These are: 

I. “The dark discharge, where a small current passes through gas with¬ 
out making itself visible. 

‘ ^'Principles of Radio Communication,*' 330, 357 (1927). 

*Univ. Illinois Bull., 16 , No. 114 (1919). 
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2. ‘The glow discharge, where a larger current passes and the gas in the 
immediate neighborhood of the electrodes becomes faintly luminous. 

3. “The brush discharge, such as that from points where the glow is ir¬ 
regular and extends into the gas some distance from the electrodes. 

4. “The spark discharge, which is a transient phenomenon bridging the 
whole distance between the electrodes, accompanied by a bright light and a 
comparatively large current. 

5. “The arc, in which a large current passes between the electrodes in 
the gas and the ionized vapors of the electrodes producing a continuous light. 

“Any one of the first forms of discharge may be converted into one of the 
latter forms by an increase in the potential between the electrodes, depending 
upon the nature and pressure of the gas and the spacing, size, capacity, and 
shape of the electrodes.’^ 

This classification is obviously an arbitrary one. The discharge used in 
the work on acetone was, according to this classification, more a brush dis¬ 
charge than anything else. The discharge was made up largely of streamers. 
A large number of fine sparks also were passing. When the potential was 
raised gradually it was diflScult to tell just when the sparks started to pass. 
At high potentials the tube seemed to bristle with these very fine hair-like 
sparks. Whether or not the sparks were passing, the predominating discharge 
seemed to be due to streamers. 

Experimental Pari 

Acetone was placed in the flask, A. The temperature of the water bath 
around A could be kept uniform at any desired temperature. Thus with a 
uniform application of heat the acetone vapor would pass through the dis¬ 
charge tube at a more uniform rate. When the work was started it was not 
known whether or not the rate of flow of vapor through the tube would affect 
the results. Therefore the water bath was used as an aid in obtaining re¬ 
producible conditions and also to prevent superheating. Later it was found 
that this precaution was unnecessary. 

The acetone vapor passed up through the heated discharge tube and was 
expelled under mercury at I. After all air had been swept out of the tube the 
mouth of the mercury filled bulb, FG, was placed over I. The high-frequency 
current was then turned on and a stop-watch was started. As the acetone 
vapor and gas passed up through the water-jacketcd tube, G, the acetone was 
condensed and the gas collected over the liquid acetone. When F was filled 
with liquid acetone and gas, the discharge was turned off and the time read 
on the stop-watch. 

It was necessary to correct the results of the gas analyses for gases dis¬ 
solved in the condensed acetone and also to remove the acetone vapor from 
the gas sample before the analysis was started. Solubilities of the gases in 
acetone were found in Seidell: “Solubilities of Organic and Inorganic Sub- 
stances.’^ Due to the fact that acetylene is extremely soluble in acetone it was 
not considered necessary to analyse for it in the gas. At 25® C and one atmos¬ 
phere, one liter of acetone dissolves 15.231 grams of acetylene. Analysis 
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of the condensed acetone showed that there was only a small amount of 
acetylene present. This justified leaving it out of the gas analysis. The 
acetone vapor was removed from the gas samples by passing it through a coil 
of glass tubing immersed in a bath made from solid carbon dioxide and ether. 
Since the temperature of this bath was never below — 78®, none of the con¬ 
stituents of the gas except the acetone were condensed. All other constituents 
except ketene boiled at temperatures below — 78®C. The percentage of 
ketene was so low in the samples that its very low partial pressure would pre¬ 
vent it from condensing at — 78®C. 

The condensed acetone had to be analyzed for two constituents, acetylene 
and ketene. The total volume of the acetone condensed was measured. A 
known portion of this was used for each. 

The analysis for acetylene was made as follows: About a half gram of 
copper sulphate was dissolved in 2 5 cc of hot water. Ammonium hydroxide 
was added until the solution was dark blue. Hydrazine sulphate was then 
added to the warm copper solution until it became pale blue. The acetone 
that was to be analyzed for acetylene was added. Cuprous acetylide was 
precipitated as a red powder. This was filtered off by suction and washed 
with dilute ammonia and finally with water. The precipitate was dissolved 
on the paper with hot 6 N hydrochloric acid. The paper was washed with 
dilute ammonia. About 2 cc of nitric acid and 5 cc of concentrated sulphuric 
acid were added. The solution was then evaporated until sulphur trioxide 
fumes were given off. This treatment converted all cupous ions to cupric. 
The copper was then titrated with thiocyanate using a method described in 
Scott’s ‘^Standard Methods of Chemical Analysis,’’ third edition. The 
thiocyanate solution was standarized in cc’s of acetylene under standard 
conditions. 

Ketene was determined by a method similar to one used by Schmidlin 
and Bergman.^ Water was added to the portion of the acetone that was to be 
analysed for ketene. The solution was then heated to boiling and the acetic 
acid was titrated with standard sodium hydroxide using phenolphthalein as 
indicator. The alkali was standardized in cubic centimeters of ketene at 
standard conditions. 

The gas was analysed in a Hempel apparatus using the following methods 
of determination: 


Gas 

Ketene 
Ethylene 
Oxygen 
Hydrogen 
Carbon monoxide 


Paraffins 


Method of determination 
Absorption in potassium hydroxide 
Absorption in fuming sulphuric acid 
Absorption in alkaline pyrogallol 
Combustion with copper oxide at 2 7o®C 
Combustion with copper oxide at 27o®C 
followed by absorption of carbon 
dioxide in potassium hydroxide. 
Combustion with oxygen in a Dennis 
combustion pipette. 


^Ber., 43 , 2823 (1910). 
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The data obtained from fifteen runs are given in Table I. The information 
obtainable from analytical data concerning the happenings in a discharge tube 
is fragmentary. It must be pieced together in order to give it meaning. After 
it all has been fitted into its proper place, a story more or less complete, 
should result. The completeness of the data determines the completeness 
of the reconstructed story. If every carbon, hydrogen, and oxygen atom 
originally present in the decomposed acetone vapor is accounted for by the 
analysis the whole story can probably be reconstructed. 

The limitations of the data obtained in this work may be seen from the 
percents of carbon, hydrogen, and oxygen in the gas. These values, which are 
tabulated below, were calculated from the gas analyses. The percentage 
composition of acetone is given for reference. 



Carbon 

Hydrogen 

Oxygen 

Acetone 

62.02% 

10.42% 

27-56% 

Analysis No. i 

60.3 

10.2 

29-S 

2 

61.5 

II .0 

27-S 

3 

60.6 

10.6 

28.8 

4 

61.2 

10-5 

28.3 

5 

61.4 

10.7 

27.9 

6 

60.3 

10.8 

28.9 

7 

61.3 

10.7 

28.0 

8 

62.2 

10.9 

26.9 

9 

60.7 

10.7 

28.6 

lO 

60.4 

10.5 

29.1 

II 

60.5 

II .2 

28.3 

12 

60,4 

10.7 

28.9 

13 

60.3 

II. I 

28.6 

14 

61.3 

11.1 

27.6 

15 

S8.B 

10.4 

00 

d 

It is evident that the composition of the gas is very nearly the same as the 


composition of the acetone. Therefore when a molecule of acetone is broken 
up into gaseous products it is changed completely to gas. Condensations 
with elimination of a gas do not occur to any great extent. 

With these facts in mind one can proceed with confidence to the actual 
solution of the problem. 

In the light of previous work on the decomposition of acetone by electric 
discharges, and the work on decomposition by p 3 rrolysis it seems probable 
that some of the following reactions would be the ones that take place: 

1. CH,COCH, = I CO + I COIe 

2. CH,COCH, = 1 CH,:C:0 + i CH« 

3. CH,COCH, = I CH,:C:0 + JCJI, + i H, 

There may be other reactions in which acetone is changed entirely to liquid 
or solid products. Such reactions were not looked for or investigated in any 
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way. The only observation related to that subject made during this research 
was that a small amount of a brown solid material (a few milligrams) collected 
on the electrodes during a long series of runs. 

In all of the reactions listed above, one volume of acetone vapor decom¬ 
poses to give two volumes of gas. The volume of acetone vapor decomposed 
to form the sample of gas is equal to the volume of CO plus the volume of 
ketene since these constituents contain all the = CO groups originally present 
in the acetone. The sums of these volumes are tabulated below: 


Analysis 

Volume of CO 

Analysis 

Volume of CO 

N umber 

plus ketene 

Number 

plus ketene 

I 

46.0 CC 

9 

41.8cc 

2 

41.8 

10 

40.4 

3 

43*1 

II 

38.0 

4 

44.0 

12 

40.9 

5 

43*0 

13 

3^-4 

6 

40.7 

14 

37-4 

7 

43-8 

15 

40.2 

8 

41.1 




If the reactions listed above were the only ones taking place, the sum of the 
volumes of carbon monoxide and ketene should be fifty in each analysis be¬ 
cause the analyses are calculated for a loo cc air-free sample. The volumes 
range from 38 to 46. Since these values are equal to the volume of acetone 
decomposed, the corresponding volume of gas formed according to the above 
reactions would range from 76 to 92. In each case it should be too. 

The first secondary reaction that suggests itself is the decomposition of 
ketene. Under ordinary conditions ketene is very reactive. 

4. 2CH2CO = CH2 + CO 

This reaction may be written without the intermediate formation of ketene. 

5. 2 CH3COCH3 = CH2(H2 + 2CO + 2 CH4 

I volume 2^ volumes 

The volume of acetone decomposing according to this last equation is equal 
to two times the volume of the ethylene. If the formation of ethylene and 
carbon monoxide from ketene is the only secondary reaction the following 
relation should be true: 

2^ (2 X vol. CH2CH2) + 2 (acetone decomposed ~ 2 X vol. of ethylene) = 100 
The calculated values are tabulated below: 


Analysis 

Calculated 

Analysis 

Calculated 

No. 

value 

No. 

value 

I 

99.5 

9 

92.5 

2 

92.7 

10 

94.8 

3 

94*4 

II 

88.7 

4 

96.5 

12 

92.8 

5 

95-3 

13 

88.0 

6 

86.7 

14 

88.6 

7 

94-5 

IS 

89-S 

8 

92.1 
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These values range from 86.7 to 99.5. This brings out in striking fashion the 
fact that all of the reactions have not been accounted for. 

If the predicted reactions were correct the sum, volume of ketene + 2 X 
the volume of ethylene, should equal the amount of ketene originally formed, 
because when two ketenes decompose one ethylene is formed. The amount 
of ketene formed should also be equal to the sum of the volume of methane 
and twice the volume of hydrogen, because according to the predictions 
methane and hydrogen are formed only during the formation of ketene. 
These two sets of values arc tabulated below for comparison: 


lysis No. 

Ketene -f- 2(C2H4) 

CH4 + 2H1 

I 

26.8 

40.2 

2 

251 

40.6 

3 

21.1 

41.1 

4 

23.2 

35-3 

5 

253 

36.8 

6 

15*5 

40.6 

7 

19.2 

36.6 

8 

25.6 

37-8 

9 

24.1 

4 S -7 

TO 

33 • 7 

53-8 

II 

26.3 

56.9 

12 

251 

48.3 

13 

23.2 

54-2 

14 

32.1 

569 

15 

22.0 

61.0 


The entire lack of similarity between these columns of figures makes it evi¬ 
dent that the assumed secondary reaction is not adequate to explain the gas 
analysis data. It indicates where the trouble lies. Methane and hydrogen 
are too high. 

The obvious source of the excess hydrogen is from the ethane. The reac¬ 
tions that might occur to produce it are: 


6 . C'HsCTIs = ClI : (^H -I- 2 H* 

7. ('H.,CH3 = -f 

8 . (llaCIIa = (’ 1 I 4 -f C -f Hs 


The method of interpretation up to this point has been to assume that the 
speculative reactions are correct and then test them out with the data. Con¬ 
tinuing in this way we see that since acetylene is produced only in reaction 
number six, it may be considered as a measure of that reaction. The ethane 
originally formed in reaction one can be calculated by adding the ethane 
decomposed in reactions six, seven, and eight to the undecomposed ethane. 
The volume of ethane thus calculated should of course be equal to the volume 
of carbon monoxide. The ethane decomposed is equal to the volume of 
hydrogen minus that of the acetylene. 
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Analysis 

No. 

Ethane 

undecom. 

Ethane 

decom. 

Total 

Carbon 

monoxide 

I 

20.1 

139 

340 

34.2 

2 

23.0 

14,6 

37-6 

34-9 

3 

21.6 

14.1 

3 S -7 

384 

4 

23-7 

II.4 

35 I 

37-8 

5 

234 

12.6 

36.0 

363 

6 

25-5 

12.1 

37-6 

35-8 

7 

26.0 

13.2 

39-2 

38.6 

8 

25.6 

14.6 

40.2 

35-3 

9 

19.1 

I 5 -S 

34-6 

35 S 

10 

9.0 

17.1 

26. I 

34-7 

II 

II.7 

17.6 

29 3 

33-5 

12 

18.7 

18.7 

37.4 

37-8 

13 

152 

18.9 

341 

38.0 

14 

II.4 

19.5 

30 9 

32.9 

15 

10.0 

20.9 

30 9 

36.4 


In most of the analyses the total ethane agrees with the carbon monoxide as 
well as could be expected. In numbers i, s, 7, and 12 the agreement is re¬ 
markably good. In 8, 10, and 15 the difference is rather large. When the 
carbon monoxide is larger, it could be explained by saying that some ketene 
decomposes to produce it. In this case we would expect the ethylene to 
be somewhat higher than the average. This is, in general, true. The change 
in ethylene content, however, would not be so marked because one volume of 
ethylene is formed for each two volumes of carbon monoxide. When the 
ethane is larger than the carbon monoxide, it could be explained by saying 
that some ethane has decomposed into carbon and hydrogen. This would 
cause the ethane to appear larger because the volume of ethane decomposed 
is calculated from the hydrogen present. It is hardly worth while to push 
such speculation any farther because of the limitations already pointed out 
on page 3339. 

Conclusions 

1. As a general rule, when gaseous products are formed from an acetone 
molecule, the whole molecule is changed to gaseous products. Condensation 
with liberation of gases does not occur to any great extent. 

2. The principal reaction occurring to produce gas is: 

CHsCOCHs = CH3CH3 + CO 

Ethane is produced only in this reaction. A review of the literature has 
shown that this reaction does not occur during the pyrolysis of acetone. 
It can not, therefore, be attributed to heat effects in the region of localized 
discharges. Berthelot and Gaudechon have shown that acetone is rapidly 
decomposed according to the above equation by ultra-violet light. In our 
work some or all of the decomposition into carbon monoxide and ethane must 
have been caused by the light emitted by the discharge. 
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3. Ketene is produced, just as in the pyrolysis of acetone, by the follow¬ 
ing reaction: 

CH,COCH, = CHsC :0 -|- CH4 

Most of the ketene formed remains undecomposed. The percentage of it, 
however, is small. In most of the runs it was about five percent of the gas 
formed. Conditions are important in the production of ketene by pyrolysis. 
It is not surprising, therefore, that the yield of ketene was small in this work 
for no attempt was made to obtain optimum conditions. 

4. The hydrogen, ethylene, and acetylene present m the gas come largely 
from the decomposition of ethane: 

CH,CH, = CH : CH -I- 2H, 

CH,CH, = CH,:CHi -t- H* 

CHjCH, = CH4 + C + H, 


PART II 

The Decomposition of Benzene 

Mignonac and Saint-Aunay‘ working with benzene in the silent electric 
discharge found that it was changed into gas and condensation products 
The composition of the gas was foimd to be: 

Hydrogen 52.0% Ethylene 7-2% 

Acetylene 32.8 Ethane 7.2 

They concluded that the discharge caused the following changes: 

1. Depolymerization of benzene into acetylene. 

2. Formation of condensation products with the elimination of hydrogen. 

A large part of the condensation product was found to be diphenyl. They 

also isolated a hydrocarbon that had a composition corresponding to dihydro¬ 
diphenyl. They explain the formation of these two compounds thus: In 
the formation of diphenyl an activated molecule and an unactivated one come 
together and hydrogen is eliminated. Dihydrodiphenyl is formed in the same 
way but without the elimination of hydrogen. Dihydrodiphenyl is thought 
to be an intermediate in the formation of the diphenyl. 

Studies of the pyrolysis of benzene have shown that diphenyl and hydro¬ 
gen are the principal products.^ Considerable amounts of meta and para 
diphenyl benzenes also have been isolated but no ortho could be detected. 

Bates and Taylor* working with photosensitization have shown that ben¬ 
zene is decomposed by mercury atoms excited by ultra-violet light. The gas¬ 
eous products were passed through a trap surrounded by liquid air. The gas 
that came through was analyzed and found to contain 40% hydrocarbons 
and 60% hydrogen. A “heavy tarry” deposit formed on the walls of the 
reaction tube. A strong odor of diphenyl was present. 

‘ Bull., (4) 47, 523 (1930). 

® Hurd, “The Pyrolysis of Carbon Compounds,” 93-5. 

° J. Am. Chem. Soc., 49, 2438 (1927). 
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When work was started on benzene it was found that, just as Maqucnne' 
had pointed out in 1883, benzene gave off gaseous products more slowly than 
acetone. At first the same apparatus was used and a much higher potential 
was applied between the electrodes of the discharge tube. It was found 
that the discharge was much more localized under the high potential. The 
tubes punctured quickly. 

An apparatus that was satisfactory was finally designed. Instead of 
running it at a potential that would eventually puncture the glass it was 
designed to run at a lower potential for a longer period. It is shown in Fig. 3. 
The benzene was boiled in the flask, A. The vapor passed up through the 
heated discharge tube, B, and displaced the air. It was condensed in the water- 
cooled condenser, C, and was relumed to the flask by means of the small 


• Bull., (2) 40 , 60-65 (1883). 
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tube, D. All air except a small amount in the condenser was easily and 
quickly displaced by the benzene vapor. After the air had been displaced, 
the leveling bulb, K, was placed so that the pressure in the apparatus was about 
half an atmosphere with the bulb, F, filled with mercury. This slightly re¬ 
duced pressure seemed to make it easier for the discharge to pass. It also 
kept the ground joint, I, pressed tightly down on the apparatus. Suction 
was then applied to H which was closed when the bulb, F, was filled with 
mercury. The bore of the stopcock, H, was then mercury-sealed by pouring 
a little mercury into the tube. The current from a Tesla coil was then turned on. 

The discharge used in this work on benzene was similar to the discharge 
used with acetone. The main difference was that there were not so many of 
the fine sparks. 

The gas that was formed was kept from passing back into the discharge 
tube by benzene vapor which was continually rising up through the tube from 
the boiling benzene. Polymerized products condensed with the benzene, and 
were washed down into the flask. The tendency for them to pass again 
through the discharge chamber was small because their vapor pressures were 
low at the boiling point of benzene. 

The apparatus gave satisfactory results with the benzene because: (i) the 
products were swept out of the tube rapidly; (2) the products were not re¬ 
exposed to the discharge, thus minimizing the tendency for secondary re¬ 
actions to take place; (3) the apparatus could be kept in use for several hours; 
(4) it was easy to manipulate. 

When a sample of benzene was exposed to the discharge a deposit collected 
on the walls of the discharge chamber. This deposit was heaviest on the in¬ 
side electrode where the current density was greatest. The color varied from 
yellow to almost black. At low potential, the deposit was brownish yellow. 
This material which formed only in small amounts, was dry and brittle. 
Some of it would peel off the electrodes and some of it could be removed only 
by scraping. Solvents were ineffective in cleaning the electrodes. 

The gas which formed during the exposure of a sample was collected in the 
bulb, F. It had an odor very similar to that of acetylene generated from cal¬ 
cium carbide. 

The benzene in the flask. A, gradually turned brownish red during the 
exposure. When this benzene solution was evaporated a brown viscous 
residue remained. It had an odor which was not at all similar to the odor of 
the gas. 

This is a superficial description of the phenomena. 

Reconstructing the Story from Analytical Data 

The reconstruction of the story of the ‘‘adventures of benzene molecules 
in a brush discharge^^ from analytical data depended of course on the accuracy 
and completeness of the data. The gas analyses presented no unsurmountablc 
difficulties. The technique and patience required for good gas analyses are 
very well discussed by Martin Shepherd.^ The gas analyses were carried 

^ Bur. Standards J. Research, 6, 121 (1931.) 
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out in a modified Orsat apparatus. Analysis for acetylene was made on a 
separate sample of gas. Copper acetylide was precipitated and the acetylene 
was found by titration of the copper in the same way that it was done in the 
work on acetone. 

Analysis of the solid products was a puzzling problem. The benzene was 
evaporated from the solid products that had accumulated in it. An attempt 
was then made to break up the chocolate-brown residue into fractions. Sol¬ 
vents were first tried. The following solvents were used: benzene, ether, 
carbon tetrachloride, chloroform, petroleum ether, glacial acetic acid, 85% 
formic acid, acetone, carbon disulphide, ethyl alcohol, methyl alcohol, and 
ethyl acetate. The residue would dissolve to some extent in all of these, but 
chloroform was very much the best solvent. It was surprising to find that it 
was a much better solvent than carbon tetrachloride. This fact was shown 
by evaporating a chloroform solution of the residue until it was thick and 
syrupy and then adding a drop of carbon tetrachloride. A light brown pre¬ 
cipitate was formed This precipitate was filtered off and dissolved in chloro¬ 
form. When the chloroform was evaporated a dark brown residue was left. 
This residue had the same appearance as the original. Repeated attempts to 
make a separation by extraction with solvents failed. No crystals could be 
obtained from solutions containing large amounts of the brown material. 
The first conclusion that was drawn from this was that probably no crystalline 
products were present. 

Fractional distillation up to i8o°C/ at 20 mm., however, yielded a crystal¬ 
line distillate that was white with a very slight yellowish tinge. Above i8o°(- 
the distillate was decidedly yellow. Distillation was not carried on above 
2 5o°C because cracking was obviously taking place. The distillate darkened 
after standing for a week or two. Diphenyl was isolated from the lower 
fractions by recrystalization from ether. A small amount of a product which 
melted at 205°C was also isolated. This was assumed to be p-diphenyl 
benzene. There was not enough of it to identify it by other means. A short 
time after this, similar work on benzene was published by Austin and Black.* 
They found p-diphenyl benzene in the products formed from benzene vapor 
which was exposed to the Tesla discharge. 

Almost at the same time that diphenyl was isolated from the residue by 
distillation and crystalization, crystals were discovered in a test tube that 
contained some of this resinous product. The test tube had lain on its side 
undisturbed for about three months. The resin had run along the bottom 
side of the test tube and the crystals had formed along the top side. The 
crystals were plates so thin that they could hardly be seen edgewise. A 
sample of these crystals large enough for a melting point was obtained with 
some difficulty. It melted at 67®-69°C, the melting point of diphenyl. 

This suggested that perhaps a quantitative estimation of diphenyl in a 
sample of resin could be made by subliming out the diphenyl. Two methods 
of sublimation were tried. The resin was placed in a bulb connected to a 
wide water cooled condenser. The bulb was heated over an electric light 
1 J. Am. Chem. Soc., 52, 4552 (1930). 
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bulb for several days but no sublimate formed in the condenser. T hinking 
that the temperature was not high enough, I tried heating the resin in a bulb 
coimected to a long air-cooled condenser. The heat was applied by means of 
an electric hot plate. The material simply refluxed and no sublimate formed. 
After these experiments it was evident that even though crystals had been 
discovered in the test tube, the time required to produce them would make the 
method of purification by sublimation useless at this time. 

The method that eventually succeeded was steam distillation. The resin 
was steam-distilled as long as any material would distill. The non-volatile 
residue was collected. The light yellow distillate was redistilled by steam. 
This time the distillate was perfectly white but melted twelve degrees below 
the melting point of diphenyl. A reddish brown residue remained from this 
distillation. It appeared just like the first to which it was added. 

The perfectly white distillate was re-steam-distilled and again a consider¬ 
able amount of a brown residue remained and a white distillate formed. It 
was decided to continue the distillations until a white distillate and no residue 
resulted. Melting points of some of the distillates were taken. Each time 
the melting point came up nearer that of diphenyl. Finally after twenty-six 
steam distillations, a pure white distillate resulted and no residue remained. 
The melting point was the melting point of diphenyl. The distillate was 
identified as diphenyl by a mixed melting point. These results were dis¬ 
appointing from one point of view. It was desirable not only to get out pure 
diphenyl but also to get it out easily and completely enough that it could be 
weighed and called a quantitative estimation. Procedure requiring twenty- 
six steam distillations certainly could not be called quantitative. The most 
extreme care could not prevent loss of material during such a long process. 

Ether was used to dissolve the diphenyl out of the condenser, etc. All 
beakers used in the work were kept meticulously clean. Whenever a sample 
of distillate was transferred from a beaker, the beaker was washed inside 
and out with ether. This was absolutely necessary because of the tendency 
for diphenyl to '^crawl” over the edge of the beaker from the ether solution. 

The analysis of the first sample exposed to the discharge showed the follow¬ 
ing results: 


Benzene vapor 

13 - 7 % 

Acetylene 

28.8 

Ethylene 

965 

Oxygen 

0.3 

Nitrogen 

215 

Hydrogen 

41S 

Paraffins 

3-9 

100.0 

Total gas 

164. cc. 

Room temperature 

26.5 

Barometer 

741. mm. 

Time of run 

S- hours 

Diphenyl isolated 

05873 e 
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The diphenyl was dried in a desiccator over calcium chloride before it was 
weighed. Its melting-point was 66®-68®. Pure diphenyl melted at 67®-68®C. 
The mixed melting point was 67°-6 q°C. The above weight of diphenyl cor¬ 
responds to 96.3 cc. of hydrogen at 741 mm. and 26.5^0, since diphenyl must 
have been formed according to the following equation: 

2 CoHg = Cellfi.CeHe + Ha 

The hydrogen actually in the sample, 67.2 cc, was less than the hydrogen that 
should have been there due to the formation of diphenyl. A secondary re¬ 
action using up some of the hydrogen must have taken place. In the original 
benzene molecule there was one hydrogen atom for each carbon atom. Hydro¬ 
gen must have been used up to form the9.65V^ ethylene and the 3.9% paraffins. 
Supposing that the paraffin gas was all ethane we see that 27.6 cc of hydrogen 
was used to produce these compounds in which the ratio of carbon to hydrogen 
is 1:2 and 1:3 instead of i:i as in the original benzene molecule. The cal¬ 
culated volume of hydrogen added to the volume found in the gas gives 94.8 cc. 

This volume was so near the volume calculated from the diphenyl (96.3) 
that it seemed too good to be true. If these values could be checked in other 
runs it would mean that all hydrogen, paraffins, ethylenes, and diphenyl had 
been accounted for. Acetylene would of course be formed by the depoly¬ 
merization of benzene. The brown resinous product could be accounted for by 
the polymerization of acetylene. This could then be checked by combustion 
analysis. This beautiful air castle did not survive the next two analyses; but 
the data obtained from them were more interesting than those from the first. 

When all the information that had been collected concerning the resinous 
product was rescrutinized for the purpose of speeding up the quantitative 
estimation of diphenyl it was found that in several instances light colored 
products changed to darker ones after standing for some time. Thus, the 
perfectly white distillate from the vacuum distillation turned brown after 
standing for several weeks. Even before a systematic examination of the 
resinous product was started, it was noticed that if bcmzene was left in the 
discharge apparatus for several days after a run it would change from an 
amber to a darker brown. There was one other bit of information concerning 
this color change. A brown residue was formed from a perfectly white material 
during a steam distillation. With this evidence the following conclusions 
were drawn: (i) Some material in the diphenyl was slowly changing to a 
colored form that would not steam distill. The form that would steam distill 
was colorless. (2) Heat (as in a steam distillation) accelerated this change 
from colorless to dark brown. 

The following procedure was adopted for the purification of diphenyl: 
Steam distill once and collect the crystalline distillate, remove the water from 
it, and let it reflux on a hot plate all night. Repeat this process till there is no 
color change during the refluxing. It was gratifying to find that a perfectly 
white distillate would turn dark brown after a few minutes refluxing on a hot 
plate. After six alternate distillations and refluxings and a final distillation 
pure diphenyl was obtained. During the last period of refluxing there was no 
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color change and crystals of diphenyl formed inside the neck of the flask. It 
should be pointed out that the apparatus used to carry out these refluxings 
was the same as was used in the first attempts to obtain pure diphenyl by 
sublimation from the resin. Thus we see that crystals of diphenyl did form 
in this apparatus but it was after the diphenyl had been purified. 

The results from the analysis of the second sample are as follows: 


Benzene vapor 

12.8% 

Acetylene 

24.4 

Ethylene 

10.3 

Oxygen 

0.6 

Nitrogen 

2.4 

Hydrogen 

44.2 

Paraffins 

5-3 


100.0 

Total gas 

174. I cc. 

Room temperature 

24 .s“C 

Barometer 

740. mm. 

Time of run 

4. hours 

Diphenyl isolated 

0.8421 g 

H2 corresponding to diphenyl 

127.5 cc. 

Volume of H2 in sample 

76.8 cc. 


Thus we see that the volume of hydrogen actually in the sample was less than 
the volume that should have been there. This result is similar to that from 
the first sample. If corrections are made for hydrogen used to produce 
ethylene and ethane, the calculated volume of hydrogen is 113.T cc. This 
brought to light a very remarkable fact. The hydrogen that should have 
been present calculated from the weight of pure diphenyl actually isolated 
was 14.4 cc more than could be accounted for in the gas. This was such an 
unexpected result t hat it seemed advisable to check it by another complete run. 

The third run was made at a much lower potential. It was supposed that 
lower potential would decrease the yield of diphenyl. It should, it seemed, 
decrease the tendency for the localization of the discharge. This in turn would 
decrease the tendency for localized energy dissipation and localized high 
temperatures. Since diphenyl is formed by the pyrolysis of benzene, a rise 
in temperature above the ordinary temperature of the discharge tube should 
favor the formation of diphenyl. Therefore it seemed that low potential 
should produce less diphenyl than high. In the first run 33 cc of gas were 
produced per hour; in the second 43.5 cc; and in the third 6.7 cc. Measure¬ 
ments of voltage were not made, but it is evident from the rates of gas forma¬ 
tion that the voltage in the third run was much lower than in the previous 
runs. The results for the third run were as follows: 
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Benzene vapor 12.2% 

Acetylene 38.4 

Ethylene 14-7 

Oxygen 0.2 

Nitrogen 0.7 

Hydrogen 28.1 

Paraffins 5 • 7 


100.0 


Total gas 

Room temperature 
Barometer 
Time of run 
Diphenyl 

H2 corresponding to diphenyl 
H2 in the sample 


128.9 cc. 
230*^0 
746.0 mm. 
19.0 hrs. 
1.286s gni. 
206. cc. 

36.3 cc. 


These data show in a very striking way that hydrogen produced during the 
formation of diphenyl had been used up in a secondary reaction. The volume 
of hydrogen used to produce ethane and ethylene from acetylene brings the 
volume of hydrogen that can be accounted for up to 69.9. There are 136.1 cc 
that can not be accounted for in the gas. 

The material that was left after the steam distillations in these runs was 
all put together, because quantitative work on it was not planned at that time. 
The resin from the steam distillation of the third sample, however, was weighed 
before it was added to the other. There was 2.744 grams. Before making this 
weighing the last traces of solvents were removed by placing it while hot into 
a vacuum desiccator. 

A combustion analysis was made on the combined resin from the three 
samples. Careful practice runs were made on commercial sucrose, before 
analysis of the resin was attempted. The results were as follows: 



Sucrose 

Resin 


I 

2 

I 

Carbon 

41 - 1 % 

41 - 2 % 

88.54% 

Hydrogen 

6-3 

6.0 

503 

Oxygen 

52.6 

52.8 



Some difficulty was experienced in getting the samples of resin to bum slowly 
and evenly. This fact shows up more plainly in the percentages, of course, 
than it does in the calculated C to H ratios. This ratio was 6:41 for the first 
sample of resin and 6 140 for the second. 

It will be noticed from the combustion analyses that the hydrogen and 
carbon do not add up to 100% of the sample. Austin and Black^ working 


^ J. Am. Chem. Soc., 52 , 4554 (1930). 
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with a similar product from benzene found 73.38% carbon and 4.77% hydro¬ 
gen. Quoting from their article, *'It will be seen that there remains to be 
accounted for from 15 to 20% of these compounds. Qualitative tests for 
nitrogen made with a method, which under ordinary conditions detects 
nitrogen in a sample containing 0.1% NH4CI, gave completely negative re¬ 
sults; hence it has been assumed that the remaining portion is oxygen which 
is the only other element likely to be present under the circumstances. 

“The difference between our powders and those of Harkins and Gans^ is, 
however, easily accounted for, since they took great precautions to dry their 
vapors and in our work at least a trace of water vapor was undoubtedly 
present. Indeed on making a careful study of our plates we find a faint band 
at about X3064 which is the position of the so called water vapor bands.^' 

The work of Harkins and Cans was done on benzene vapor at o.i mm pres¬ 
sure using an electrodeless discharge. The walls of their tube became coated 
with a reddish brown deposit which on analysis proved to be (CH)n. 

The presence of a high percentage of oxygen in the reddish brown deposit 
obtained by Austin and Black^ can not be satisfactorily explained by the 
presence of a trace of water vapor. It seems more probable that such a large 
percentage of oxygen would come from a source that could supply a large 
amount of oxygen. Handling the material in air would open up the possi¬ 
bility of absorption of oxygen from the air. 

It seems that the presence of oxygen in the polymerized product in¬ 
dicates unvsaturation; unsatisfied valences in the hydrocarbon take up oxygen 
from the air. In the very stable benzene molecule there is one hydrogen for 
every carbon. Any rearrangement of its structure would doubtless bring out 
the “latent unsaturation’^ of the molecule. Perhaps this “latent unsatura¬ 
tion” could be satisfied by oxygen from the air. The work of Harkins and 
Gans*^ is not published in sufficient detail to enable one to judge whether or 
not it is in agreement with these ideas. 

The combustion analyses of the resin formed in our tube did not tell what 
became of the hydrogen that was used up by secondary reactions. Further¬ 
more they showed that the resin itself was deficient in hydrogen. When 
benzene changed into the resin, (C6H4)n, 831 cc of hydrogen must have been 
eliminated. The total amount of hydrogen that can not now be accounted for 
is 967 cc. 

The hydrogen could have been used to produce liquid products. Cyclo¬ 
hexane very probably was one of the principal products. Although benzene is 
usually written with double bonds it does not react as members of the ethylene 
series do. For example it does not react readily with bromine. We say that 
it is not actively unsaturated. Cyclohexadiene which may be formed from 
benzene by saturating one double bond is actively unsaturated. It is probable 
that it would be more difficult for the first hydrogen to react with the benzene 

^ J. Am. Chem. Soc., 52 , 2578 (1930). 

* J. Am. Chem. Soc., 82 , 4554 (1930). 

» J. Am. Chem. Soc., 52 , 2578 (1930). 
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than it would be for others to react with the partly saturated ring. Therefore 
it seems probable that if the reaction once got started it would not stop until 
cyclohexane was formed. 

The fact that so much gas could disappear in an electric discharge is not sur¬ 
prising when one considers the work of Harkins and Oans.^ They say that 
^‘the spectrum indicates that benzene molecules rapidly decompose into mole¬ 
cules of C2 and CH, and atoms of and 11 . The C2, CH, and H seem to 
combine completely to form the reddish brown hydrocarbon, as evidenced 
by the fact that several thousand liters of benzene vapor decompose without 
giving enough gaseous residue to raise the pressure sufficiently to extinguish 
the discharge.^' 

Conclusions. 

1. The main reaction taking place is the formation of a resinous product 
which contains hydrogen and carbon atoms in the ratio of 6 to 4. The best 
solvent for the resin is chloroform. 

2. The reaction next in importance is the formation of diphenyl. A small 
amount of p-diphenyl benzene also was isolated. These products are known 
to be formed also by the pyrolysis of benzene. Bates and Taylor have shown 
that diphenyl may be formed by a process sensitized by ultra-violet light. 
Conditions in the last run were made so as to minimize the tendency for 
localized discharges and the consequent localized heat effects, yet the largest 
yield of diphenyl was in this run. It seems probable, therefore, that some of 
the reaction forming diphenyl and hydrogen may have been brought about by 
the ultra-violet light. 

3. Hydrogen, that should have been produced at the time of the forma¬ 
tion of diphenyl and the resin, did not appear in the gas. It must have been 
used up in some secondary reactions. 

4. The electric discharge caused gas to form much more rapidly from 
acetone than from benzene. 

A cknowUdgmenL 

These investigations wfTe suggested and completed under the personal 
direction of Professor Wilder I). Bancroft. The author wishes to express here 
his gratitude for the help and encouragement received from him throughout 
the course of the work. He wishes also to extend sincere thanks to Professor 
Ralph W. Hufferd of Depauw University for valuable help and suggestions. 

Cornell University, 


^ J. Am. Chem. 80c., 52 , 2578 (1930). 



A GREASE-LESS VALVE 


BY JOHN L. WILSON 

In the study of certain reactions at low pressure (less than i mm mer¬ 
cury) it was desirable to have a convenient, grease-free means of introducing 
small amounts of gases into the reaction system. For this purpose a simple 
mercury valve was devised which not only enabled one to introduce gases 
from the storage vessels to the reaction system without contact with stop¬ 
cock grease but also made it possible to esti¬ 
mate roughly the amount of gas introduced. 

The first of these valves made has been in use 
for over two years and has required no attention 
whatever. The valve is suitable for the transfer 
from the storage to the reaction system of 
small amounts of any gas or liquid which does 
not foul mercury, and may be of use in many 
fields of research. 

The valve, sketched in Fig. i, consists of a 
U-trap A, a return tube for mercury B, and a 
leveling bulb system C with a bubble catcher 
D. J leads to the storage vessel and K to the re¬ 
action system. Pyrex glass was used throughout 
and the dimensions are indicated on the sketch. 

The operation of the valve is as follows: To 
transfer gas from the storage vessel to the re¬ 
action syst(»m carefully lower the mercury level 
in A until it is just below E and then im¬ 
mediately raise the level again. By this pro¬ 
cedure a bubble of gas is introduced into the 
right arm of A. If the bubble is large it will 
travel up the arm, pushing the mercury over 
into the bulb G, and enter the reaction sys¬ 
tem. Smaller bubbles may be made to rise by gently tapping A or by raising 
and lowering the level-bulb C. When the level-bulb C is raised rapidly mer¬ 
cury from A enters the bulb G before G is completely filled from B. G is then 
emptied through B by lowering C. The bubble in the right arm of A will now 
be higher than before and two or three such operations will effect the in¬ 
troduction of the gas into the reaction system. 

After a little practice it is very easy to introduce just enough gas to give 
the desired pressure. The amount of gas introduced can be estimated quite 
accurately from the length of the bubble as it rises in A. 

School of Chemistry f 

University of Minnesota, 

Minneapolis, Minnesota. 

May, 1931. 
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THE ELECTROCAPILLARY CURVES OF MIXTURES OF THE 
NORMAL ALCOHOLS WITH WATER AND THE ADSORPTION 
OF THE ALCOHOL MOLECULES AT THE MERCURY 

SURFACE 

BY CHARLES OCKRENT 

Few complete series of the surface tensions for the whole range of con¬ 
centrations of binary mixtures have been obtained, either at the air-solution 
interface or the mercury-solution interface. Rideal and Schofield,^ from the 
data of Bircumshaw^ on the surface tensions of ethyl alcohol water mixtures, 
have derived by the application of the Gibbs adsorption equation, an adsorp¬ 
tion curve for alcohol over the whole range of concentrations and the same 
authors have derived a rather similar adsorption curve for pyridine in aqueous 
solutions at potential differences corresponding to the maximum of the electro¬ 
capillary curve from the data of Gouy.* In these cases the values found for 
the areas of the alcohol and pyridine molecules at the maximum adsorption 
agree quite well with those found from measurements on insoluble films. 
Frumkin^ determined the electrocapillary curves of a few concentrations of 
ethyl alcohol in water, but there appears to be no complete series of electro¬ 
capillary curves from which similar results could be obtained at the water- 
charged mercury interface. It appeared desirable therefore to investigate the 
complete range of electrocapillary curves for mixtures of the completely miscible 
normal alcohols, methyl, ethyl and propyl with water and also for a number 
of concentrations of the less miscible butyl alcohol-water system. 

Experimental 

The experimental arrangements were identical with those employed by 
Butler and Ockrent.® The standard electrode, to which potential differences 
are referred, was as before the normal calomel electrode, the measurements 
being taken at room temperature. 

Purification of the alcohols. Methyl alcohol was first analysed for acetone 
by an iodoform estimation and the acetone removed by conversion to iodo¬ 
form, the small amount of iodoform formed was then hydrolysed by boiling 
and the alcohol solution then twice fractionally distilled and finally refluxed 
for two days with aluminium amalgam and then fractionated. The alcohol 
distilled at 64.6°. 

Ethyl alcohol was purified in the manner described by Butler and Robert¬ 
son® the alcohol boiling at 78.3®. 

1 Proc. Roy. JSoc., 109 A, 57 (1925). 

* J. Chem. Soc., 121, 887 (1922). 

«Ann. Chim. Phys., 8, 130 (1906). 

< Z. physik. Chem., 103 , 43 (1923)- 

* J. Phys. Chem., 34 , 2286 (1930). 

•Proc. Roy. Soc., 125 A, 694 (1930). 
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An analysis of the propyl alcohol showed the presence of about 2.75% 
of unsaturated material (probably allyl alcohol). Slight excess of bromine 
was added until the mixture remained brown for some time (propyl alcohol 
is attacked slowly by bromine) and after standing over night the mixture was 
fractionated, the fraction distilling between 96® and 99® being collected. 
This was then refluxed over freshly burned quicklime for 4 days and after 
standing for 48 hours was fractionated. The first portion was rejected and the 
fraction boiling at 97.4® and 758 mm. was collected. The boiling point given 
in the literature varies from 97.1 to 97.4®. 

Butyl alcohol was refluxed over quicklime for several days and then 
fractionated. The first portions were rejected and a distillate boiling at 117.1® 
and 738 mm. was obtained. The boiling point given in the literature is 117.7®. 

The salts employed for making the solutions conducting were A. R. am¬ 
monium nitrate and a sample of lithium chloride obtained from Merck. 
Analysis gave chlorine = 83.4% (LiCly Cl = 83.6%). The LiCl was kept in a 
vacuum desiccator over phosphorus pentoxide. 

Results 

(a) Methyl Alcohol-Water. The electrocapillary curves of the following 
solutions, all of which contain i mol NH4N08 per litre of solution were ob¬ 
tained. The figures refer to the molar fractions of the respective components. 

Molar Fractions 



H 2 O 

CHjOH 

I. 

1 

0 

2 . 

0.95 

0.05 

3 - 

0.85 

o.iS 

4. 

0-75 

0.25 

5 - 

0.50 

0.50 

6 . 

0,25 

o.?.*; 

7 * 

015 

0.85 

8 , 

0.05 

0.9s 

9. 

0 

I 

The electrocapillary measurements are given in cms. 

of mercury in Table II. 

(b) Ethyl Alcohol-Water, 

The electrocapillary 

curves of the following 

solutions, all of which contain 0.2 mol NH4NO3 per litre of solution were 

obtained. 

Molar Fractions 



H,0 

CaH^OH 

I. 

I 

0 

2. 

0-95 

0.05 

3 - 

0.85 

O.IS 

4 - 

0.75 

0.25 

5 * 

0.50 

0.50 

6 . 

0.25 

0.75 

7 - 

0.05 

0.9s 

8 . 

0 

I 
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NORMAL ALCOHOLS WITH WATER AND THE ADSORPTION 
OF THE ALCOHOL MOLECULES AT THE MERCURY 

SURFACE 
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Few complete series of the surface tensions for the whole range of con¬ 
centrations of binary mixtures have been obtained, either at the air-solution 
interface or the mercury-solution interface. Rideal and Schofield,^ from the 
data of Bircumshaw^ on the surface tensions of ethyl alcohol water mixtures, 
have derived by the application of the Gibbs adsorption equation, an adsorp¬ 
tion curve for alcohol over the whole range of concentrations and the same 
authors have derived a rather similar adsorption curve for pyridine in aqueous 
solutions at potential differences corresponding to the maximum of the electro¬ 
capillary curve from the data of Gouy.^ In these cases the values found for 
the areas of the alcohol and pyridine molecules at the maximum adsorption 
agree quite well with those found from measurements on insoluble films. 
Frumkin^ determined the electrocapillary curves of a few concentrations of 
ethyl alcohol in water, but there appears to be no complete series of electro¬ 
capillary curves from which similar results could be obtained at the water- 
charged mercury interface. It appeared desirable therefore to investigate the 
complete range of electrocapillary curves for mixtures of the completely miscible 
normal alcohols, methyl, ethyl and propyl with water and also for a number 
of concentrations of the less miscible butyl alcohol-water system. 

Experimental 

The experimental arrangements were identical with those employed by 
Butler and Ockrent.^ The standard electrode, to which potential differences 
are referred, was as before the normal calomel electrode, the measurements 
being taken at room temperature. 

Purification of the alcohols. Methyl alcohol was first analysed for acetone 
by an iodoform estimation and the acetone removed by conversion to iodo¬ 
form, the small amount of iodoform formed was then hydrolysed by boiling 
and the alcohol solution then twice fractionally distilled and finally refluxed 
for two days with aluminium amalgam and then fractionated. The alcohol 
distilled at 64.6®. 

Ethyl alcohol was purified in the manner described by Butler and Robert¬ 
son® the alcohol boiling at 78.3®. 

^ Proc. Roy. Soc., 109 A, 57 (1925). 

* J. Chem. Soc., 121, 887 {1922). 

* Ann. Chim. Phys., 8, 130 (1906). 

* Z. physik. Chem., 103 , 43 (1923). 

* J. Phys. Chem., 34 , 2286 (1930). 

«Proc. Roy. Soc., 125 A, 694 (1930). 
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An analysis of the propyl alcohol showed the presence of about 2.75% 
of unsaturated material (probably allyl alcohol). Slight excess of bromine 
was added until the mixture remained brown for some time (propyl alcohol 
is attacked slowly by bromine) and after standing over night the mixture was 
fractionated, the fraction distilling between 96® and 99® being collected. 
This was then refluxed over freshly burned quicklime for 4 days and after 
standing for 48 hours was fractionated. The first portion was rejected and the 
fraction boiling at 97.4® and 758 mm. was collected. The boiling point given 
in the literature varies from 97.1 to 97.4®. 

Butyl alcohol was refluxed over quicklime for several days and then 
fractionated. The first portions were rejected and a distillate boiling at 117. i® 
and 738 mm. was obtained. The boiling point given in the literature is 117.7®. 

The salts employed for making the solutions conducting were A. R. am¬ 
monium nitrate and a sample of lithium chloride obtained from Merck. 
Analysis gave chlorine = 83.4% (LiCl, Cl = 83.6%). The LiCl was kept in a 
vacuum desiccator over phosphorus pentoxide. 

Results 

(a) Methyl Alcohol-Water, The electrocapillary curves of the following 
solutions, all of which contain i mol NH4NO8 per litre of solution were ob¬ 
tained. The figures refer to the molar fractions of the respective components. 

Molar Fractions 



H2O 

CHsOH 

I . 

I 

0 

2 . 

0-95 

0.05 

3 - 

0.85 

015 

4. 

0.7s 

0.25 

5 - 

0.50 

0.50 

6. 

0.25 

0.75 

7 - 

015 

0.85 

8. 

0.05 

0.95 

9. 

0 

I 

The electrocapillary measurements are given in cms. of 

mercury in Table II. 

(b) Ethyl Alcohol-Water, 

The electrocapillary curves of the following 

solutions, all of which contain 0.2 mol NH^NOj per litre of solution were 

obtained. 

Molar Fractions 



H2O 

CaH^OH 

I , 

I 

0 

2. 

0.95 

0.05 

3 - 

0.85 

o.iS 

4 - 

0.75 

0.25 

5 * 

0.50 

0.50 

6 . 

0.25 

0.75 

7 * 

0.05 

0.95 

8 . 

0 

I 
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The electrocapillary measurements are given in Table III. 

(c) Propyl Alcohol-Water, In this case two series of curves with different 
salt concentrations were obtained. The salt used was LiCl as this is one of 
the few salts which is appreciably soluble in propyl alcohol. 



0.2 M LiCl 



0.02 M LiCl 



Molar Fractions 



Molar Fractions 



H 2 O 

C 3 H 7 OH 


H 2 O CsHtOH 

I . 

I 

0 

I . 

I 

0 

2 . 

0-9975 

0.0025 

2 . 

0.99 

0.01 

3- 

0.9950 

0.005 

3 - 

0.98 

0.02 

4 - 

0.99 

O.OI 

4 - 

0*95 

0.05 

5- 

0.98 

0.02 

5- 

0.85 

0.15 

6. 

0.95 

0.05 

6. 

0-75 

0.25 

7- 

0.85 

o.is 

7- 

0.50 

0.50 

8. 

0-75 

0.25 

8. 

0-15 

0.85 

9- 

0.50 

0.50 




10. 

0.25 

0-75 




II. 

0-15 

0.85 




12 . 

0.05 

0-95 




13 - 

0 

I 





For the stronger solutions of propyl alcohol and propyl alcohol itself, 
satisfactory curves could not be obtained with 0.02M LiCl, probably on 
account of the low conductivity. The electrocapillary measurements are 
given in Tables IV and V. 

(d) Butyl Alcohol-Water. The electrocapillary curves obtained in this 
system are limited by the limited miscibility of the components. The fol¬ 
lowing solutions all o.i M with respect to LiCl were measured. 



Molar Fractions 



H2O 

CAUOR 

I . 

I 

0 

2. 

0-9975 

0.0025 

3 - 

0,99 

0.01 

4 - 

0.15 

0.85 

5 . 

0 

b 

0.95 

6. 

0 

I 


The electrocapillary measurements are given in Table VI. In all the tables 
only alternate electrocapillary measurements are given. 

Adsorption of the Alcohols. 

According to Gibbs the adsorption of a surface active solute from a dilute 
solution is given by the equation 


c d<r 
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which may be written 


I dcr 
RT ’ dine 


where T is the surface deficiency or excess i.e. the amount adsorbed and <r 
and c is the surface tension and concentration of the solution respectively. 
To convert to solutions which do not obey ideal laws we may employ the 
thermodynamic concentration or '‘activity’' whence 


r == - 

so that r is proportional to da/dlna. 


I do* 
RT'dlil^ 


(2) 



In Fig. I the curves obtained by plotting the interfacial tensions of the 
methyl alcohol-water series against logioa(alc.) are shown for some potential 
differences. The activity values are obtained by intrapolation to 17® from the 
data of the partial pressures given in Landolt-Bomstein Physikalisch-Chem- 
ische Tabellen Vol. II, 1399. The cr logioa curves are almost linear up to 
quite large alcohol concentrations, i.e. between molar fractions 0.05 and 0.25. 
The absolute values of the interfacial tensions may be obtained in the manner 
described by Butler and Ockrent.^ The maximum height of the electro¬ 
capillary curve of M/2 sodium sulphate, which is used as reference for the 
capillary, is 52.20 cms. of mercury, this corresponds to 1001.7 on Gouy’s 


1 J. Phys. Chem., 34 , 2841 (1930). 
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scale (maximum for water = looo); Gouy's value for the maximum inter¬ 
facial tension between mercury and water is 426.7 dynes/cm., so that in the 
apparatus employed here i cm. of mercury corresponds to 8.185 dynes/cm. 
The maximum value of the slopes d<r/d logioa occurs at about —0.7 volts and 
is equal to — 2.91 which multiplied by the factor 8.185 gives ~ 23.9 in absolute 
units; from equation (2) F = — d(r/2.303RTdlogioQ: inserting the values of 



d<r/dlogioa = 23.9, R = 83.2 X and T = 290, the amount adsorbed per 
square cm. of surface expressed in gram moles comes out as 4.3 X 
The number of molecules is obtained by multiplying by Avogadro^s Number 
N = 6.06 X 10^^, therefore NF = 26 X 10^® and the area occupied per mole¬ 
cule is i/NT = 38 X 10“^® sq. cms. or 38 The values for all the alcohols 
are given in Table 1 . 



In Figs. 2 and 3 the areas occupied per molecule for methyl alcohol and 
ethyl alcohol are shown for some potential differences. 

The activity values of ethyl alcohol are obtained in the same manner as 
for methyl alcohol, from the data in the International Critical Tables Vol. 
III. As propyl alcohol is much more surface active than methyl alcohol or 
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Table I 


Alcohol 

d<r/dlogioa(max.) 


r 



Nr 

Area per mol. 

Methyl 

-23.9 

4-3 

X 

10“ 

-10 

26 

X 

loW 

38 A* 

Ethyl 

— 40.2 

7.2 

X 

IO‘ 

-10 

43 

X 

10'* 

23 A* 

Alcohol 

d<r/ dloginN (max.) 


r 




Nr 

' Area per mol. 

Propyl (0.2M LiCl) 

-28.3 

5-2 

X 

10" 

-10 

32 

X 

IO« 

31 A* 

Propyl (0.02M LiCl) 


5*6 

X 

10" 

-10 

34 

X 

io'« 

29 A* 

Butyl 

-30 

S -4 

X 

10' 

-10 

33 

X 

10'’ 

30 A* 


ethyl alcohol, to obtain comparable values, electrocapillary measurements 
of weaker concentrations must be obtained, and since it is probable that 
activities extrapolated for solutions more dilute than 0.05 molar fraction are 
far from being correct, it is preferable to take the values of the slopes d<r/dlogioN 
(N = molar fraction), this is probably justified since at low concentrations 
the activity coefficients tend to unity (the slopes are taken between 0.0025 
and 0.05 molar fractions). In the case of the butyl alcohol-water system 
only three points are available for plotting the <rN curves and the value of 
da/dlogioN is obtained by taking the tangent. 

Discussion 

In the application of the Gibbs equation we must remember the im¬ 
portant fact that r, the amount adsorbed, is not the total surface concen¬ 
tration but the excess or deficiency of solute in the interface over the con¬ 
centration in an equal volume in the bulk of the solution. While for dilute 
solutions the amount adsorbed may be taken without great error as equal to 
the total surface concentration, for solutions which cannot be considered as 
dilute this cannot be done without introducing quite an appreciable error. 
The calculations of the areas obtained will be influenced by this consideration 
since a correct calculation would require the addition to the amount adsorbed 
(NT), of the concentration of solute which would be present if the adsorption 
was zero; arising simply from the presence of solute in the solution. This 
addition would result in the areas of the molecules being smaller than those 
calculated above. In a recent paper Harkins and Wampler' have taken this 
into consideration. 

From his study of insoluble surface films on water, Langmuir^ concluded 
that the films were monomolecular and that the molecules were definitely 
orientated with their active groups directed towards the aqueous phase. 
He calculated the areas of the molecules in some typical cases and for the alco¬ 
hols such as myricyl alcohol he obtained an area of 27 He further sug¬ 
gested that in all cases, for substances both soluble and insoluble, the Gibbs 
film could be regarded as monomolecular and that in the case of solutions 
it consisted of pure solute molecules for solutes which lowered the surface 

^ J. Am. Chem. Soc., 53 , 850 (1931). 

* J. Am. Chem. Soc., 39 , 1848 (1917). 
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tension of the solvent. Subsequent work on insoluble films has shown that 
for zero compression, the area per molecule of the normal alcohols in an 
insoluble film on water is 21.6 The values obtained in this investigation 
agree fairly well with those values, especially so when we consider that they 
would certainly be lower if the total surface concentrations were employed 
to calculate the areas instead of the value of NT. We can conclude therefore 




Fig. 4b 

000 air-solufion interface 

AAA mercury-aolution interface at —0.6 volts 


that the alcohols at the potentials which give maximum adsorption in the 
surface exist as a monomolecular layer and that they are orientated in exactly 
the same way as at the air-water interface. This conclusion is strengthened 
by a comparison of the data with the results obtained by Bircumshaw^ from 
surface tension measurements at the air-solution interface. Fig. 4a shows 
the percentage surface tension lowerings produced by ethyl alcohol at the 
air-solution and the mercury-solution interfaces. The lowerings are calcu¬ 
lated as percentages of the difference of the surface tensions of water and 


^ Loc. cit. 
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alcohol. All the points lie on the same curve and no marked divergence ap¬ 
pears between the two interfaces. The same applies to the lowerings pro¬ 
duced by propyl alcohoh (Fig. 4b.), in this case since surface tension measure¬ 
ments at the air-solution interface of only a number of the weaker aqueous 
propyl alcohol solutions are available, only the more dilute solutions are 
compared. 

In all the solutions investigated a salt is present as a third component 
and a strict application of the adsorption equation would require this to be 
taken into consideration. In a recent paper Butler and Wightman- have 
shown that salts, the so-called surface inactive inorganic salts, have quite 
considerable effects on the electrocapillary curve. The effects are not very 
marked on the negative side but become increasingly significant at potentials 
more positive than —0.4 volts. It must be admitted that this factor might 
be important. It is probable however that in any given series, for a given 
salt concentration, the effect is similar over quite large changes of concen¬ 
tration of the surface active solute (the alcohols for example), so that since 
only differences are taken into consideration in the calculations of the ad¬ 
sorptions this may be neglected. Further, in the case of the alcohols, the 
maximum adsorption occurs at about —0.6 to —0.7 volts where the effects of 
the ^%active’' salts are not very marked. Goard and Rideal® obtained the a N 
curves for the surface tensions of phenol in water and also in the presence of 
a number of different concentrations of sodium chloride, by this means the 
activity of the phenol could be varied. It was found that while the surface 
tensions are not independent of the presence of salt, yet the slopes of the (t N 
curves are identical. The conditions appear to be simUar at the charged 
mercury water interface as is evidenced by the only slight differences in the 
value of d<r/dlogi(}N(max.) obtained for propyl alcohol in presence of 0.02 
and 0.2M LiCl. 

The activity values used to obtain T are derived from the partial pres¬ 
sures of solutions containing only the components alcohol and water. The 
partial pressures are however influenced by the presence of a third component 
and differential effects may be obtained, as was shown by Shaw and Butler* 
in the case of lithium chloride in ethyl alcohol-water mixtures; those authors 
found however, that for concentrations of lithium chloride less than 0.5M, 
the changes in the partial pressures of either alcohol or water were small. 

Behaviour of Water. In every case while even relatively small additions 
of an alcohol to water, the effect increasing as we ascend the homologous 
series, cause large lowerings of the interfacial tension (Figs. 5 and 6), the 
addition of quite considerable amounts of water to methyl alcohol only raises 
the interfacial tension very slightly. 

The addition of 5% molar fraction of water to ethyl alcohol even appears 
to cause a very slight lowering while the presence of 15% molar fraction 

* Int. Grit. Tables, 4 , 467. 

* J. Phys. Chem., 35 , 3293 (^ 930 * 

> J. Chem. Soc., 127 , 1668 (1925). 

* Proc. Roy. Soc., 129 A, 519 (1930). 
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potential differences more positive than —0.6 volts. The same tendency is 
observed in the 0.02M LiCl series. It is difficult to show these effects in the 
figures as the curves approach each other closely. 

In the butyl alcohol-water series this tendency becomes extremely well 
marked (Fig. 7, a, b and c), and appears to become progressively significant 
as the limiting miscible solution is approached. 

The effects may be due to any one of the following three causes, (a) the 
difference in the liquid junction potential causing a displacement of the 



ESectrocapiUary Curves of Butyl Alcohol-Water Mixtures. 

1. Water ioo% molar fraction. a. Butyl Alcohol ioo% molar fraction. 

2. Water 99.75% molar fraction, b. Butyl Alcohol 95% molar fraction. 

3. Water 99.00% molar fraction, c. Butyl Alcohol 85% molar fraction. 

curves from the primitive (i.e. the curve of the alcohol itself), (b) a true posi¬ 
tive adsorption of water from the alcohol solutions with increasing negative 
polarisation, the adsorption increasing as we ascend the homologous series 
of the alcohols or (c) a combination of causes (a) and (b). At high negative 
polarisations the electrocapillaiy curves of most aqueous inorganic salt solu¬ 
tions are nearly parallel and can be made to coincide in the region from —1.2 
to —1.8 volts (referred to the normal calomel electrode), by displacements 
parallel to the potential difference axis. The displacements are ascribed to 
liquid junction potential differences between the standard electrode and 
the solutions investigated. They are usually small, in general not exceeding 
0.07 volts and usually much less. In the case of the butyl alcohol-water 
system (Fig. 7, a and c), the potential difference displacement required to 
make the electrocapillary curve of the solution containing 85% molar frac¬ 
tion of butyl alcohol coincide with that of butyl alcohol at —1.5 volts is 0.35 
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volts. This displacement is certainly very big, but no data as to the liquid 
junction potentials of such systems is available so we cannot discuss the 
probability or otherwise of this effect. That water should be positively 
adsorbed from a solvent whose surface tension is much lower than that of 
itself seems at first sight surprising, but it has been shown by Davis and 
Swearingen^ that water is preferentially adsorbed by silica gel from ethyl 
alcohol solutions. Before any definite conclusions can be drawn as to the 
behaviour of water in the different alcohol solutions further investigation is 
required. 

Table II 

Electrocapillary Curves of Methyl Alcohol-Water Mixtures 

N = molar fraction of methyl alcohol V = volts 

i.o M ammonium nitrate 


V 

N = i 

N =0.95 

N =0.85 

N=o .75 

N =0.50 

N =0.25 

N =0.15 

N =0.05 

Water 

-f 0.2 

40.60 

40.78 

40.73 

40.69 

40.90 

40.99 

41.II 

41.46 

41.48 

0.0 

44.84 

44.92 

44.84 

44.86 

45.08 

45*20 

45*39 

45.72 

45-92 

— 0.2 

46.96 

47.09 

47.12 

47.20 

47-53 

47*93 

48.25 

48.70 

48.98 

-0.4 

47-56 

47.70 

47-79 

47*93 

48-43 

49.12 

49.65 

50.40 

50.90 

— 0.6 

47.19 

47-31 

47-46 

47*52 

48.07 

48.93 

49.58 

30.77 

51-45 

— 0.8 

46.12 

46.31 

46.44 

46.49 

47.04 

47.90 

48.55 

49.76 

50.44 

—1.0 

44.67 

44.81 

44.89 

45.00 

43-50 

46.22 

46.80 

47-77 

48.29 

— 1.2 

42.67 

42.78 

42.85 

42.96 

43-32 

43-89 

44.28 

44.86 

45-15 

-1.4 

39.88 

40.02 

40.04 

40.17 

40.41 

40.68 

40.80 

41.06 

41.16 

—1.6 

36.13 

36.24 

36.24 

33*24 

36.24 

36.24 

— 

— 

— 


Table III 

Electrocapillary Curves of Ethyl Alcohol-Water Mixtures 
N = molar fraction of ethyl alcohol 

0.2 M ammonium nitrate 


V 

N = i 

N=o .95 

N =0.75 

N =0.50 

N =0.25 

N =0.15 

N =0.05 

Water 

+0.2 

— 

— 

41.33 

41.46 

41.99 

42.46 

42.72 

42.89 

0.0 

45*45 

45*17 

45.31 

45-51 

45-96 

46.30 

46.75 

47.01 

— 0.2 

47.01 

46.83 

47.07 

47-27 

47.80 

48.32 

49-36 

49.96 

-0.4 

47*17 

47*04 

47-34 

47-52 

47.99 

48.52 

50.15 

51-60 

— 0.6 

46.81 

46.60 

46.89 

■47.02 

47-42 

47-96 

49.72 

51.86 

— 0.8 

46.00 

4 S* 8 o 

45-99 

46.08 

46.55 

47.05 

48.72 

50-74 

— 1.0 

44*74 

44.61 

45-75 

44.86 

45.26 

45-74 

47-28 

48.61 

— 1,2 

43*04 

42.92 

43.12 

43-17 

43-48 

43-98 

45-05 

45-67 

-1.4 

40.65 

40.53 

40.57 

40.62 

41.01 

41.36 

41.74 

41.93 

— 1.6 

— 

— 

— 

37-25 

37-24 

37-35 

37.43 

37-45 


» J. Phys. Chem., 35 , 1308 (1931). 
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Table IV 


ElectrocapiUary Curves of Propyl Alcohol-Water Mixtures 
N = molar fraction of propyl alcohol 

0.2 M lithium chloride 


V 

0.0 

N = i 

N =0.95 

N =0.85 

N=o .75 

N =0.50 

N =0.25 

N=o.i5 

— 0.2 

46.05 

46.20 

46.14 

45.85 

46.29 

46.77 

46.89 

-0.4 

46.57 

46.56 

46.63 

46.65 

46.7 s 

46.93 

47*00 

— 0.6 

46.31 

46.29 

46.32 

46.33 

46.34 

46.46 

46.51 

-0.8 

45.83 

45*51 

45.56 

45-54 

45-62 

45-69 

45*78 

— I.O 

44-73 

44.41 

44.42 

44-43 

44-63 

44*59 

44.68 

—1.2 

43-39 

42.9s 

42.9s 

42.82 

43-12 

43*14 

43*27 

-1.4 

41-54 

40.93 

40.61 

— 

— 

— 

— 

— 1.6 

-1.8 

39.24 

38.38 

— 

— 

— 

— 

— 

V 

N =0.05 

N =0.02 

N -o.oi 

N =0.005 

N =0.0025 

Water 


0.0 

— 

45.22 

45*40 

45*32 

45-36 

45-65 


— 0.2 

47*35 

48.70 

49*23 

49.42 

49-53 

49-65 


-0.4 

47*43 

48.78 

49**82 

50.83 

SI-39 

51-73 


— 0.6 

46.05 

48.33 

49*42 

50.41 

51.21 

51-94 


-0.8 

46.20 

47-44 

48.63 

49.62 

50.25 

50.67 


— I.O 

45*17 

46.53 

47*44 

48.09 

48.40 

48-54 


— 1.2 

43 * 7 J 

44.85 

45*25 

45*54 

45-63 

46.71 


- 1*4 

41*31 

41.88 

41,91 

42.05 

42.05 

42.04 


-1.6 

— 

37.61 

37.60 

37-64 

37.60 

37-58 


-1.8 

— 

32.41 

32.39 

32-42 

32.30 

32-32 



Table V 


ElectrocapiUary ('urves of Propyl Alcohol-Water Mixtures 
N = molar fraction of propyl alcohol 

0.02 M lithium chloride 


V 

N =0.85 

N =0.50 

N =0.25 

N =0.15 

N =0.05 

N =0.02 

N =0.01 

Water 

— 0.2 

— 

46.57 

47-00 

47*13 

47.61 

49.08 

49-73 

50*25 

-0.4 

— 

46.84 

47.00 

47.10 

47.49 

49.04 

50.05 

51.96 

— 0.6 

46.50 

46.62 

46-65 

46.64 

47.05 

48.58 

49-69 

52.00 

— 0.8 

46.26 

46.01 

46.00 

46.00 

46.34 

47.86 

48.92 

51.00 

— I.O 

45*39 

45*12 

45.09 

45.08 

45-46 

46.87 

47.88 

49.24 

—1.2 

— 

43*64 

43.84 

43-78 

44.18 

45-41 

46.03 

46.63 

-1*4 

— 

— 

42.06 

42.00 

42.30 

42.78 

43.08 

43.29 

—1.6 

— 

— 

— 

— 

39-09 

39-09 

39-29 

39*30 
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Table VI 


Electrocapillary Curves of Butyl Alcohol-Water Mixtures 


N - 

molar fraction of 

butyl alcohol 


0.1 M lithium chloride 

V 

N = i 

N =0.95 

N =o.8.s 

N =0.01 

N =o.(X)25 

Water 

0.0 

— 

— 

— 

45-70 

46.02 

46.07 

— 0.2 

44-87 

45-97 

45.80 

48.04 

49.63 

49.92 

-04 

46.13 

46.28 

46.37 

47.94 

50.13 

51.84 

— 0.6 

46.26 

46.27 

46.19 

47-56 

49-73 

51.94 

— 0.8 

46.14 

45-79 

45.62 

46.95 

49.06 

50.91 

— i.o 

45-72 

44.89 

44.69 

46.03 

47-92 

48.72 

— 1.2 

4 S-” 

44.01 

43-41 

44.68 

45.70 

45-91 

-1.4 

44.26 

42.65 

41.60 

42.12 

42.33 

42.32 

--1.6 

— 

— 

38.82 

37-98 

37.91 

37-94 

-1.8 



Summary 

32.84 

32.82 

32.80 


1. The electrocapillary curves for the complete ranges of concentrations 
for mixtures of the normal alcohols, methyl, ethyl and propyl with water 
and a number of concentrations of the partially miscible butyl alcohol- 
water system have been obtained. 

2. The areas of the alcohol molecules at the potential difference where 
maximum adsorption occurs have been calculated. They agree fairly well 
with those calculated from insoluble alcohol films on water. 

3. Up to quite strong concentrations of the alcohols, the alcohols appear 
to form a monomolecular layer at the charged mercury surface, and are 
orientated in the same way as at the air-water interface. 

4. In various alcohol solutions—the effect increasing as we ascend the 
homologous series—water appears to raise the interfacial tensions at polarisa¬ 
tions more positive than —0.6 volts and to lower the interfacial tensions at 
polarisations more negative than —0.6 volts. These effects may be ascribed 
to large liquid junction potentials or to a positive adsorption of water at 
negative polarisations. 

I am deeply indebted to Dr. J. A. V. Butler for many helpful suggestions. 
I have also to thank the Carnegie Trust for a Research Scholarship during the 
tenure of which this investigation was partly carried out, and Imperial 
Chemical Industries, Ltd. for a grant which defrayed the cost of part of the 
apparatus. 

Chemistry Department, 

King’s Buildings, 

West Main Road. 

University of Edinburgh. 

July 21, 1931. 



AN EXCEPTIONAL ISOTHERM AT 0“ OF THE SYSTEM: 
PALLADIUM-HYDROGEN* 

BY LOUIS J. GILLESPIK AND JOHN H. PERUV 

The equilibrium between palladium and hydrogen appears to be well 
understood, as respects the region from o° to i8o® or 200° and from no hydro¬ 
gen to the atomic ratio H/Pd of about 0.6 or 0.7. Pressure-composition 
isothermals satisfpng the demands of the phase rule, for the case in which 
univariant systems occur, have been given by Gillespie and Hall.^ Their 
conclusion that a solution of hydrogen in palladium can be in equilibrium with 
another phase having the composition of PdjH above about 80®, has recently 
been confirmed by the X-ray studies of Linde and Borelius* at 100®, 150® 
and 200®. 

Three reservations should perhaps be made with regard to our under¬ 
standing of the above-mentioned region, (i) Linde and Borelius suggest that 
there may be two crystalline forms of PdjH. (2) They suggest that the 
course of the isotherms of Gillespie and Hall below 80°, which led these authors 
to believe that below 80° PdjH is contaminated with an excess of dissolved 
hydrogen, may be due in reality to the undetected presence of the hydrogen- 
rich phase of Graham (obtained by electrolysis). We may add, that such a 
solution effect is not in evidence in the otherwise rather similar pressure- 
composition diagram of ValensP for chromium and nitrogen, in which system 
the compound ON is found in equilibrium with a solid phase containing less 
nitrogen. The suggestion of Linde and Borehus is logically possible; and yet 
there is experimental evidence pointing to the conclusion of Gillespie and Hall, 
and there seems to be no experimental evidence pointing against it.* (3) Ac¬ 
cording to Wieland,® palladium containing analytically significant quantities 
of hydrogen is able to remove hydrogen from hydroquinone, producing 
quinone. If this were true, it would mean that all experimenters who have 
presented pressure-composition diagrams have been working with unstable 
systems, for the pressures observed by them are always measurable when 
appreciable quantities of hydrogen are present, and the pressure of hydrogen 

* Contribution from the Research I.aboratory of Physical Chemistry, Massachusetts 
Institute of Technology, No. 269. 

‘ Gillespie and Hall: J. Am. Chem. Soc., 48 , 1207 (1926). 

’Ijnde and Borehus; Ann. Physik, 84 , 747 (1927). 

’ Valensi: Thesis, University of Paris, Les Presses Universitjiires de Prance, 49, Boule¬ 
vard Saint-Michel, Paris V, 1929. 

* Linde and Borehus point out that an equation log p = A/T+B satisfying the data at 
high temperatures also satisfies the data at the lower temi^ratures, suggesting that th^ 
is no discontinuity in the nature of the sohd phases. But this is also in accord with the behef 
of Gillespie and Hall, that the hydrogen-rich phase in question is a solution of hydrogen 
in palladium, the composition of which approaches that of PdjH at high temperatures with¬ 
out discontinuity. 

‘ Wieland: Ber., 45 , 484 (1912). 
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at which it could be in equilibrium with hydroquinone and quinone in a reason¬ 
able molecular ratio would be of the order of atm., according to the 
electromotive-force measurements and calculations of Biilmann.® But 
Gillespie and Liu^ were unable to confirm the occurence of this reaction and 
concluded that no valid evidence exists that palladium can dehydrogenate 
hydroquinone when it contains an appreciable quantity of hydrogen. 

Gillespie and Hall stated that it happened twice that no change of curva¬ 
ture occurred in an isotherm, the isotherm rising as a continuous adsorption 
curve. They gave no data or curve to show the course of such a continuous 
curve, and indeed no such curve has been reported. The isotherm described 
below had been observed by us before their work, but the interpretation of it 
was not possible without the aid of their results.® It appears to belong in the 
palladium-hydrogen diagram, partly as a broken line indicating a metastable 
condition. 

Experimental 

The technique was similar to that of Gillespie and Hall, except that the 
heat treatment was not used, its benefits not having been observed. Owing 
to the use of a capillary-tube manometer in connection with a meter stick, 
the pressure at 4 mm. and less of mercury has but a small accuracy. Palla¬ 
dium black was prepared in two ways: palladium A, from palladosammine 
chloride by the method of Gutbier;® palladium B, by the method of Wieland.® 
In either case, the palladium black was placed in the apparatus and freed of 
oxygen by successively treating it vith hydrogen and exhausting while hot 
with a mercury-vapor diffusion pump, before the addition of the measured 
quantities of hydrogen. 

Palladium A gave at 0° an isotherm with an angle, the first ascending 
portion of the curve being followed by a line which for a short distance was 
horizontal and practically coincident with the isotherm of Gillespie and Hall. 

Table I 


Date for the I']xceptional Isotherm at o® 


Cc. Hs/g. Pd 

0.05 

0 T 7 

0.36 

J .49 

1.49 

2.82 

3 35 

Pressure, mm. 

0.3 

0 4 

0.9 

2 9 

2.1 

4.2 

50 

Cc. Hs/g. Pd 

4 07 

4.76 

5-59 

6.70 

7.68 

8.64 

9 43 

Pressure, mm. 

6.0 

7 0 

8.5 

10.5 

r4.o 

22.0 

41 .2 

Cc. H,/g. Pd 

9-79 

10.18 

0.05 

0.17 

0.92 

1.85 

3.38 

Pressure, mm. 

58.8 

8c;. 1 

0-3 

0 4 

1-3 

2.6 

4-7 

Cc. Hs/g. Pd 

5 06 

5 • 94 

6.66 

7-75 

8.55 

9 34 

9-94 

Pressure, mm. 

7-5 

8 8 

TO 4 

9 

26.0 

54*2 

110.3 


*Biilmann: Ann. cliim., I9I 15 , 109 (1921). 

" Gillespie and Liu: J. Am. Chem. Soc., 53 , (1931). 

» Particularly, their identical results for palladium black prepared in two ways (method 
of Gut bier, and method of Wieland). 

^Gutbier: J. prakt. Chem., (2) 79 , 235 (1909). 
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Palladium B gave the quite dififerent results shown in Table I. After the 
first series of additions of hydrogen, all the hydrogen was removed by heating 
and pumping and a second series of additions of hydrogen was made. In view 
of the great steepness of the curve at about 10 cc. per g., the two series are in 
good agreement. 

If these results are plotted, and a smooth curve drawn without regard to 
the isotherm of Gillespie and Hall, the best curve from o to 4 mm. is close to 
the best corresponding curve through their data, but lies a little to the right 
(so that the two isotherms would intersect). But the exj)erimental accuracy 
is not suflicient to establish a difference of this sort. One line is capable of 



representing both sets of data with an exceptional error as large as 0.8 mm. 
Although a better degree of consistency would be maintained in any single 
experiment with the technique used, it is probable that the experimental error 
was as large as this.^° 

In constructing Fig. i, the best curve was therefore drawn for the data of 
Table I together with the data of Gillespie and Hall, and it is represented 
above 4 mm. by a broken line. It is believed that the same line should repre¬ 
sent all data below about 4 mm., and that above this pressure the system is in 
a metastable condition, as indicated by the broken line. The rest of the 
isotherm of Gillespie and Hall is also shown for comparison, as well as a dotted 
line in the region between, as a basis for the following discussion. 

Positive evidence that the error was of this order has been obtained by Gillespie 
and Ambrose from a comparison of observed and calculated heat of reaction. J. Phys. 
Chem., 35 , 3105 (193O. 
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Discussion 

Linde and Borelius state that under certain circumstances a (third) phase 
is formed, an apparent continuous extension of the hydrogen solution (easily 
obtained at small concentrations) up to a concentration greater than in Pd2H. 
The curve for such an extension would be somewhat like the dotted line in 
Fig. I. But, if we accept the broken line as the true extension of the curve into 
the metastable region, it is impossible that any curve such as the dotted line 
should be at o® a proper extension of the curve from o to 4 mm., where the 
word ^^extension^’ is used in the same sense. At other temperatures we have no 
data for broken-line extensions, and from the appearance of the isotherms of 
Gillespie and Hall it seems probable that such extensions would lose at higher 
temperatures the characteristic curvature of the broken line of Fig. i, and thus 
the characteristic difference between the broken and dotted line of Fig. i 
might largely be lost at higher temperatures. Yet the experiments at higher 
temperatures, particularly those of Lambert and Gates,seem to prove clearly 
that isotherms resembling the dotted line, and obtained by various experi¬ 
menters,^'-^ cannot be regarded as extensions analogous to the broken-line 
extension. For, Lambert and Gates obtained hysteresis loops by successive 
addition and subtraction of hydrogen. The occurrence of hysteresis loops 
clearly indicates that the solids are indifferent to a significant excess or deficit 
of hydrogen in the gas phase in contact with the solids. In such a case the* 
pressure curve tells us nothing definite about the nature or composition of the 
solid phases. 

The statement of Linde and Borelius appears therefore to need qualifica¬ 
tion as regards the composition, up to which the extension has been observed. 
True extensions of the curve for the weaker hydrogen solution have not been 
shown at temperatures other than o®, and in this case the highest concentra¬ 
tion reached was far from that of Pd2H, being in fact more nearly that cor¬ 
responding to 0.95 atoms of hydrogen per atom of palladium. 

The characteristic shape, noted by Hoitsema, of curves in the palladium- 
hydrogen system such as the dotted line of Fig. i is evidently due to the 
presence of two solid phases in contact with a gas phase, the pressure of which 
gas can be changed considerably without provoking reasonably rapid changes 
in the solids. 

Summary 

An exceptional pressure-composition isotherm has been observed at o® for 
the system palladium-hydrogen, which appears to represent an extension of 
the first rising isotherm into a metastable region. The highest pressure ob¬ 
served was no mm. of mercury, at about 0.95 atoms of hydrogen per atom 
of palladium. A diagram is given showing the relation of this isotherm to the 
equilibrium isotherm at o®. 

Lambert and Gates: Proc. Roy. Soc., 108 A, 456 (1925). 

Hoitsema (and Roozeboom): Z. physik. Chem., 17 , i (1895)* Holt, Edgar and Firth: 

513 (i9*3)j Lambert and Gates: loc. ciL; Sieverts: Z. physik. Chem., 88 , 451 (1914). 

The possibility, that in this system at a given temperature two solid phases might be 
in equilibnum with gas at more than one pressure, is excluded by the phase rule. 



ENERGY DIAGRAMS OF THE HYDROGEN HALIDES IN THE 
GASEOUS STATE AND IN AQUEOUS SOLUTION 


BY PIERRE J. VAN RY8SELBERGHE 

1. Introduction 

In a recent communication' we have presented an ^^energy diagram*’ for 
sodium chloride. This diagram gives the variation of the interaction energy 
between the sodium and chlorine constituents as a function of the distance 
between the two nuclei. The interaction curve for the ionic system gaseous 
Na’^ + gaseous Cl” could be drawn exactly. The interaction curve for the 
atomic system gaseous Na + gaseous Cl (i.e. the curve corresponding to the 
possible formation of a homopolar molecule) was drawn in an approximate 
way. In aqueous solution the interaction curve for the system dissolved 
Na+ + dissolved C> 1 ” was determined by means of the dissolution energies 
gaseous atom —> dissolved ion. This curve is an horizontal line except, at 
short internuclear distances, for a small dip corresponding to the heat of 
dissociation of the dissolved molecule or physical aggregate NaCl. This heat 
of dissociation was determined by Nernst.^ The diagram shows that, in the 
gaseous state and in aqueous solution, sodium chloride is probably a polar 
compound, although the existence of homopolar molecules is not impossible. 
It would be reasonable to assume that both in the gaseous state and in aqueous 
solution the two types of molecules exist, or better, that a certain number of 
homopolar molecules are in equilibrium with polar or ionic sodium chloride. 

It is advisable to reserve the term “polar molecule” to molecules having 
a dipole moment. It is well known that chemically such molecules may be 
homopolar. Molecules in which the constituents are ions held together by 
the interplay of the electrostatic forces and of the Bom repulsive forces could 
then be called “ionic molecules.*’ In ionic crystal lattices those molecules do 
not exist but the term is useful to designate gaseous molecules the constitu¬ 
ents of which are ions. According to the wave mechanical theory of valence 
proposed by London*^ a homopolar molecule is formed from atoms when a 
sharing of pairs of electrons with opposite spins is possible. To this sharing 
corresponds an interaction energy, the “exchange” energy (Austausch- 
Energie) which is to be superposed to the electrostatic interaction energy of 
the charge clouds of the electrons. In ionic systems the interaction energy 
at large distances is due to the Coulomb forces between the ions. At shorter 
distances the interaction energy of the charge clouds has to be considered. 
A repulsion ensues. At a certain distance between nuclei attraction and 
repulsion balance each other and we say that an ionic molecule is formed. 

1P. Van Rysselberghe: J. Phys. Chem., 35 , 1054 (*93i)- 

* W. Nernst: Z. physik. Chem., 135 , 237 (1928). 

* F. London: Z. Physik, 46 , 455 (1928). 
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In the solid state, however, the term would not be appropriate, except in the 
case of molecular lattices. Such lattices may correspond to compounds which 
in the vapor state are intermediate between the ionic and the homopolar type 
or simply to ionic compounds for which the wave mechanical perturbation 
effects of higher order (polarization effects) prevent the formation of an ionic 
crystal. As shown by London condensation, crystallization or van der Waals 
attractions depend on those higher order effects. 

Hydrogen halides have been considered by Franck and his co-workers^ and 
also by London as homopolar compounds. London^s reasoning has been 
recalled in our previous communication. 

It seemed interesting to us to examine more in detail the case of the 
hydrogen halides and to draw complete energy diagrams in which data for the 
dissolved systems would be included. It is well known that in solution hydro¬ 
gen halides are typical ionic compounds. Incidentally we are able to deduce 
the heats of dissociation of the four hydrogen halides. A certain systematic 
discrepancy between these heats of dissociation and thermochemical data 
leads to a discussion about polarization effects. 


2. Interaction Curves of the Gaseous Ionic Systems 
Hydrogen Ion + Halogen Ion 

If we call $ the interaction potential energy of the system H’*" + (halo- 
gen)~, the sum of the ionization energy of hydrogen and of the electro¬ 
affinity of the halogen, e the elementary electrical charge and r the distance 
between the two nuclei we have, at large distances: 

e^ 

= (i) 


At small distances, a repulsion term has to be added to the right-hand side 
of this equation. 

Equation (i) represents an hyperbola. It intersects the horizontal axis 
(f> = o) for a value R of r, such that 


'‘-I 


(2) 


in which E^ is expressed in volt-electrons.* If R is larger than the equilibrium 
distance R© between the nuclei (as determined, for instance, from dipole 
moments) the compound is ionic. If R is equal to or smaller than this dis¬ 
tance, the compound is homopolar. This is easily seen because when R is 
larger than R©, the minimum of $ (corresponding to an equilibrium between 
the electrostatic attraction and the repulsion neglected in equation (i)) lies 
below that of the homopolar interaction curve. 

^ J. Franck and H. Kuhn: Z. Physik, 43 , 164 (1927). 

* F. London: Z. Physik, 44 , 455 (1927). 
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Table I gives the values of the electroaffinity A of the four halogen atomSi 
of obtained by adding to A the ionization energy of hydrogen: 13,45 V.e,, 
of R and R©. 

All the energy values used in this work are taken from Fredenhagen^s 
papers^ or from the Landolt-Bomstein tables. The values of R© are taken 
from London^s paper where an analogous table could be found.^ 





A 

Table I 

E» 

R 

Ro 


V.e. 

V.e. 

A 

A 

HF 

— 4.00 

9 - 4 .'; 

i-Si 

0.94 

HCI 

-3.70 

9-75 

1-47 

1.28 

HBr 

~ 3 - 7 o 

9-75 

1-47 

1.42 

HI 

“ 3-40 

10.05 

1.42 

(i • so) 


On Figs. I, 2, 3, 4, curve I represents the interaction potential of the 
ionic system respectively for HF, HCl, HBr and HI. The curves are not 

‘K. Fredenhagen: Z. physik. Chem., 128, i (1927); 128, 239 (1927); 134, 33 (1928); 
140, 65, 435 (1929}; HI, 195 (1929). 

* F. London: loc. cit., p. 475. 
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extended beyond their intersections with the horizontal axis which cor¬ 
responds to the energy of the atomic system gaseous H -1- gaseous halogen, 
taken as a reference energy. The values of R being practically equal to those 
of Ro, the minima in the ionic interaction curves are on the left of those of the 
homopolar curves or, more Hkely, above the horizontal axis and hence do not 
occur. Therefore the hydrogen halides are homopolar in the gaseous state. 



3. Interaction Curves of the Gaseous Atomic Systems 
Hydrogen Atom + Halogen Atom 

At all distances down to those of the order of a few angstrdms the inter¬ 
action curves coincide with the horizontal axis. Minima appear for the 
values Ro given in Table T. These minima are due to the interplay of the 
electrostatic interaction energy of the charge clouds of the valence electrons 
and of their exchange energy. Their values cannot be directly computed on 
account of the mathematical complications of the wave mechanical per¬ 
turbation problem. The ordinates of those minima correspond to the dis¬ 
sociation energies and could be deduced from thermochemical data. Table II 
gives the heats of reaction expressed in volt-electrons for the following reac¬ 
tions in which A represents a halogen atom: 
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HA = 1/2 H2 + 1/2 A* - Qi V.e. 

Aj = 2 A — Q2 V.e. 

HA = H + A - Q V.e. 

The values of Qi, Q2, Q are deduced from the thermochemical data of the 
Landolt-Bornstein tables. It is recalled that i kilogram calorie is equivalent 
to 4-337 X Volt* electron. 


Table II 




Q. 

Q 


V.e. 

V.e. 

V.e. 

HF 

2.78 

2.93 

6.44 

HCl 

0-95 

2.69 

4.49 

HBr 

0.52 

2.00 

3-72 

HI 

0.06 

M 

0 

3-01 


The dissociation energy of H2 is 4.40 V.e. We of course have:^ 

Q = Qi + 1/2 (Q2 + 4*40) V.e. 

The values of Q are then used to determine the minima of the homopolar 
curves II on Fig. i, 2, 3 and 4- Those curves can then be drawn in an ap¬ 
proximate way. 

From the most recent data on band spectra and from computations using 
the thermochemical values of Qi the figures of Table Ila are obtained.* The 
energy of dissociation of H2 used is 4.46 V.e. 



Table Ila 



Qa 

Q 


V.e. 

V.e. 

HF 

— 

— 

Ha 

2.466 ± 0 .008 

4-417 

HBr 

1.962 

3-73 

HI 

1.544 

3 -OS 


These new values of Q are in good agreement with those of Table II. 

4. Interaction Curves for the Ionic Systems Dissolved 
Hydrogen Ion + Dissolved Halogen Ion 

It was shown by Fredenhagen* that the following relation holds; 

dissolution energy + ionization energy = solvation energy 
(dissolved ion (gaseous atom (dissolved ion 

—^gaseous atom) —^gaseous ion) —^gaseous ion) 

This relation was studied in detail for the case of sodium chloride in our 
previous communication. If we add the dissolution energies of the hydrogen 

^ For some of these heats of reaction average values were used. 

* Kindly communicated by Professor R. T. Birge. 

^ K. Fredenhagen: Z. physik. Chem., 140 , 69 and seq. (1929). 
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and halogen ions and draw a horizontal line at a distance below the hori¬ 
zontal axis given by this sum, we obtain the energy level of the dissolved ionic 
system. At a distance which wc suppose equal to the internuclear distance 
in the molecule (R© in Table I) an ionic molecule or physical aggregate will 
be formed. A minimum in the interaction curve appears at this point. 
Nemst^s work^ showed that the dissociation energies of these ionic molecules 
is very small. For all practical purposes it is sufficient to assume that the 
horizontal line III in Figs. 1,2,3 and 4 represents the interaction curve of the 
dissolved ionic system. 

The dissolution energy D, the ionization energy I, the solvation energy S 
of the halogen atoms and the total dissolution energy Ei of the hydrogen 
halides are given in Table III. The figures are taken from Fredenhagen.^ 
The values of D, I and S for hydrogen are, respectively: 3.90,13.45,17.35 V.e. 


Table III 



D 

I 

S 

Ei 


V.e. 

V.e. 

V.e. 

V.e. 

HF 

3-92 

— 4.00 

— 0.08 

7.82 

HCl 

2.46 

-“ 3-70 

-1.24 

6.36 

HBr 

1.97 

-“ 3-70 

-2.03 

5-87 

HI 

1.20 

“ 3-40 

0 

M 

1 

5-10 


The horizontal lines III are at distance Ei below the horizontal axis. We 
of course have: 

Ei == D + 3.90 V.e. 

Our energy diagrams are thus completed. 

5. Determination of the Heats of Dissociation of the Hydrogen Halides 
from Data pertaining to the Dissolved Ionic Systems 

Representing again a halogen atom by A and calling, respectively L, Ei, 
Q the energies corresponding to the following processes: 
gaseous HA dissolved + dissolved A‘ + L 
gaseous H + gaseous A —> dissolved H'*’ + dissolved A“ + E, 
gaseous HA —> gaseous H + gaseous A — Q 
we have the obvious relation: 

L = Ei - Q (3) 

L is the heat of solution of the halide. 

—Ei is the total dissolution energy of the ionic system. 

Q is the heat of dissociation of the halide in the gaseous state and can then 
be determined when L and Ei are known. 

L can be found, for instance, in the Landolt-Bornstein tables, Ei was 
determined in the preceding section. The heats of dissociation can then be 
calculated. 


^ W. Nernst: loc. cit. 

2 K. Fredenhagen: loc. cit. 
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On our diagrams, the values of L should give the distances between the 
horizontal lines III and the minima of the curves II. 

The values of L are those corresponding to infinite dilution; no correction 
for the heat of dilution is then necessary. Table IV gives the values of L, 
Ei, Q as calculated from Q = Ei — L, Q as determined in Table I from ther¬ 
mochemical data, the differences Qcaic. — Qth. 


Table IV 



L 

Ei 

Qcaic 

Qth 

Qcalc.-Qth 


V.e. 

V.e. 

V.e. 

V.e. 

V.e. 

HF 

0.50 

7.82 

732 

6.44 

0.88 

HCl 

0.76 

6.36 

S- 6 o 

4.49 

I. IJ 

HBr 

0.86 

S -87 

S-oi 

372 

1.29 

HI 

0.83 

S-io 

4.27 

301 

1.26 


There is a systematic discrepancy of about i V.e. between the two sets of 
values of the heats of dissociation. No important obvious correction could 
be introduced in our calculations. All the data correspond to practically the 
same temperature, namely i8-2o°C. The heat of dilution is theoretically 
o at infinite dilution. The heat of solution, as measured, takes automatically 
into account the work necessary to remove the oppositely charged ions to 
infinite distance. Moreover this quantity is quite small. There is, of course, 
some uncertainty in the thermochemical data for the heats of dissociation of 
molecules into atoms, but the differences Qcaio — Qth are of the same order 
of magnitude for the four halides. We do not think that they can be ac¬ 
counted for on the basis of a lack of accuracy of thermochemical data, since 
these agree quite well with spectral data. The average (^ouic — Qth for the 
four halides is 1.13 V.e. or 26 kilogram calories. 

We suggest the following explanation; In relation (3) the quantity E, cor¬ 
responds to the process 

gaseous H + gaseous A —> dissolved + dissolved Cl“, in which the 
atoms are at infinite distance. It means that Ei is larger than Q -h L by a 
term depending on the polarization effect of one atom on the other. When 
the atoms are close together, as it is the case after the dissociation of a mole¬ 
cule of halide, they exert on each other polarization effects (perturbations of 
higher order, in wave mechanical language). The energy of the shared elec¬ 
tron bond (exchange energy) is of course included in the measured value of Q. 
Hence, instead of writing: 

Ei * Q + L, 

we should write 

Ei - Q.+ L + P 

in which P is the energy corresponding to the mutual polarization of the 
atoms. The direct calculation of this quantity by wave mechanics is prac¬ 
tically impossible. Our computations give for P the average value x.13 V.e. 
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Summing up the contents .of this paper we may say: the hydrogen halides 
are, in the gaseous state, homopolar compounds possessing a shared electron 
bond. In aqueous solution they dissociate into ions like ionic compounds. 
Combining available energy data and making use of the heats of solution 
the heats of dissociation of the gaseous halides into atoms can be computed. 
The heats of dissociation so obtained are equal to those determined by ther¬ 
mochemical data plus the energies corresponding to the mutual polarization 
of the atoms. The order of magnitude of these energies of polarization is j V.e. 

6 . S ummar y 

1. Previous considerations about homopolar, ionic and polar compounds 
are reviewed and discussed. 

2. Curves representing the interaction energy of hydrogen and halogen 
ions and atoms in the gaseous state and in aqueous solution in terms of the 
distance between the nuclei of the two constituents have been drawn. 

3. The energy of mutual polarization of hydrogen and halogen atoms is 
deduced from the combined use of energy data and of heats of solution. 

Department of Chemistry^ 

Stanford Vmversiiy^ California, 

March, 1931. 



THE APPARENT VOLUMES OF SALTS IN SOLUTION 
11 . THE PROBLEM OF THEIR INTERPRETATION 

BY ARTHUR F, SCOTT 

The volume of a solute in aqueous solution has been the object of con¬ 
siderable attention because of its theoretical connection with many properties 
of the solution. Of the numerous attempts to estimate the magnitude of the 
volume of a solute those based on the volume changes which accompany 
the formation, mixing, and dilution of solutions have been the most frequent, 
a consequence, no doubt, of the apparent directness of the method. These 
studies of volume changes, however, have not led to any clearly defined con¬ 
clusions regarding the space occupied by the solute. The difficulties encoun¬ 
tered in this method of approach can be readily understood from a considera¬ 
tion of the volume change which takes place on dilution of a solution, a sub¬ 
ject which will be discussed in this article. 

For this case it is customary to make use of the quantity <t>, termed the 
apparent molal volume of the solute and defined by the expression: 

(^ = V — nvj (i) 

where V is the volume of solution containing one gram mol of solute; Vi is the 
volume of one gram mol of pure water at the temperature of the solution; and 
n is the number of mols of water present. The quantity 0 is a function of 
concentration and, as a general rule, increases with increasing concentration. 
The variation in ^ with concentration, as Tammann* pointed out, can be the 
consequence of changes in the volume of both solute and solvent and includes 
also any effects arising from an alteration in the degree of dissociation of the 
solute. The influence of none of these three factors is known independently 
of the others. Therefore, in attempts to interpret the significance of ^ it 
has been found necessary to assume arbitrarily that the volume of either 
solute or solvent is constant and to ignore completely the effect of dissociation. 
Conclusions respecting the volume of a solute, which involve the above as¬ 
sumptions, are obviously of limited value. 

A somewhat less arbitrary basis for the interpretation of the apparent 
molal volume of a salt can be proposed. If the concentration of a solution 
could be increased beyond the actual limits of the solution state, a concentra¬ 
tion would be reached at which no water is present, i.e., n = o. This hypo¬ 
thetical state can be regarded as the critical upper limit of the solution state. 
The limiting value of the apparent molal volume, corresponding to this state, 
will be designated hereafter as 0'. The importance of this concept lies in the 
fact that <l>' is by hypothesis the volume of the solute unmodified by any 
effects arising from the presence of solvent, and that the contribution of the 


‘ Tammann: Z. physik. Chem., 21, 539 (1896^. 
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several factors to the variation in 0 with concentration need not be known or 
assumed. Even though the value of <l>' cannot be accepted as equivalent to 
the volume of the solute in actual solution, because of the possible dependence 
of this property on concentration, it should afford a new means of estimating 
the magnitude of the latter. The possibilities of the above viewpoint will be 
investigated in the present article. In the first part we shall consider the 
problem of calculating the quantity 0'; in the second part we shall discuss 
the possible significance of the values which are obtained. 

A previous attempt^ to estimate the magnitude of 0' may be mentioned 
first. For saturated solutions it was shown that the apparent molal volume 
08 of the saturating salt is related to the number N of mols of water present 
in the solution at the same temperature by the empirical expression: 

08 = -aN2 + b (2) 

where a and b are constants characteristic of each solute. Now, when N 
equals zero, the condition by which we have defined the critical limiting 0' 
state is explicitly satisfied and accordingly the constant b would appear to 
be identical to the desired constant 0'. However, since the decrease in N is 
attended by an increase in temperature, the foregoing method of extrapolation 
introduces a complex temperature factor, the effect of which on the volume 
of the solute is unknown. Consequently, although the difference in magni¬ 
tude between b and 0'may be small, the two quantities cannot be accepted as 
equivalent. To indicate the basic similarity between the two hypothetical 
quantities and at the same time to distinguish between them we shall sub¬ 
sequently refer to b as 0^. 

In order to avoid the uncertainty of the temperature factor we shall, in 
the present attempt to estimate the magnitude of 0', make use of the variation 
of 0 in solutions at constant temperature. For the purpose of extrapolation 
beyond the actual limit of the solution state we shall employ Masson's^ em¬ 
pirical equation: 

0 = km^^ + 00 (3) 

where k and 0o are constants characteristic of each salt at a given temperature; 
and m is the molal concentration. This equation was critically tested in a 
previous paper^ and was found to represent quite satisfactorily the experi¬ 
mental variation of 0 with concentration. In the same paper there were 
given values of the constants k and 0o for solutions of the alkali halide salts 
by means of which equation 3 best represents the actual data. It should 
perhaps be emphasized at this point that the results to be set forth in this 
paper rest ultimately on the validity of Masson's equation and also are sub¬ 
ject to errors involved in the values of the above constants. 

Since in equation 3 0 is expressed as a function of concentration and not 
as a function of the amount of water present, as in the case of 0* (equation 

^ Scott and Durham: J. Phys. Chem., 34 , 2035 (1930). 

2 Masson: Phil. Mag., (7) 7 , 218 (1929). 

* Scott: J. Phys. Chem., 35 , 2315 (1931); Geffcken: Z. physik. Chem., 155 , i (1931) 
in an independent test of the same relationship arrived at a similar conclusion. 
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2), the limiting value cannot be calculated directly by imposing the con¬ 
dition n = o. At first glance, however, it would seem that is identical 
to the concept </>m which Masson accepted as the upper limit of his equation. 
For the quantity 0m is defined by the condition 0 m = Vm, which is equivalent 
to setting n = o in equation i, and therefore formally satisfies the definitive 
condition of the 0' concept. 

The matter, however, is by no means so simple as the above discussion 
would imply. The objection to the above conclusion, which is not obvious, 
is perhaps best brought out by questioning the applicability of equation i. 
This equation merely defines as solute all space which is not occupied by 
solvent and in no way takes into account the mechanism of the solution state. 
For instance, in solutions which approximate the hypothetical 0' state in 
concentration it is conceivable that there is some space from which water is 
not excluded but in which no water is present because of the limited amount 
available. In such a case equation i could not be used to determine the do¬ 
main of the solute, the object of our inquiry. In order to be able to designate 
0' as the domain of the solute a ‘‘free space’’ term would have to be introduced 
into the equation and this would mean that the condition 0m = Vm is not iden¬ 
tical to the condition n == o and therefore does not define the desired 0' state. 
Although the above objection is purely hypothetical, it nevertheless con¬ 
stitutes a rather serious objection. For the acceptance of 0m as equivalent 
to 0' would commit us to a specific view of the mechanism of the solution 
state and would thereby preclude from consideration equally plausible 
possibilities. 

The foregoing argument has been outlined to make understandable why 
an attempt to calculate 0' by an entirely different method is permissible. 
However, before investigating this method it is of interest to examine further 
the 0m values, especially since their properties were not studied by Masson. 
Values of this constant for the alkali halides at three different temperatures 
have been calculated, using the equation constants given in the paper already 
referred to, and are given in Table I. 

Table I 

Values of 0m in cc. 




Li 

Na 

K 

Rb 

Cs 

Cl 

0.00® 

273 

30.8 

395 

00 

m 

rt 

50.0 


25.00 

26.5 

2 Q.I 

384 

42.6 

49.0 


50.04 

26.0 

28.7 

384 

42.7 

49.2 

Br 

0.00 

31-4 

34-8 

44.6 

48.6 

SS-o 


25.00 

30.7 

33-1 

43 0 

48.0 

54-3 


50.04 

30.8 

33-0 

43-2 

48.2 

54-7 

I 

0.00 

39-7 

41-7 

52-7 

58.0 

65.6 


25.00 

39-6 

41.7 

52.2 

57-4 

63 -9 


50.04 

39-7 

41-7 

52.7 

58.0 

65.6 
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From these data it can be seen that the effect of temperature on the 0m value 
of any salt is very slight: in general the values at o® are a little larger than 
those at 25.00® and 50.04® which are essentially identical. These temperature 
differences, it could be supposed, reflect the variations in the properties of 
water which occur with temperature. 

A more explicit analysis of these 0 mi values encounters the difficulty, 
which has already been pointed out, that we have no satisfactory picture 
of this limiting state. Nevertheless, we may consider, because of its sug¬ 
gestive outcome, one of the possible hypotheses which was tested as a means 
of exploration. If it is assumed that the domains of the solute particles 
do not interpenetrate with increasing concentration, it follows that the 0m 
state is reached when the solute particles have come as close together as pos¬ 
sible. This idea of ''nearest approach’’ immediately suggests a similarity 
to the solid, crystalline state. In order to show the nature of this relation 
values of 0 m have been plotted (Fig. 1) against the volumes of the crystalline 
salts Vc. The data used are for 25® and yield results which are typical of 
the other temperatures. 

The outstanding feature of this diagram is the very definite linear rela¬ 
tionship existing between 0m and Vc. It may be noted also that the slopes of 
the drawn lines are i.oo and 0.86 (= Vs/^) respectively, and that the ordinate 
intercepts of the two lines are practically the same. The difference in mag¬ 
nitude between 0m and Vc is apparently not very great. Even though these 
facts do not furnish any definite information regarding the condition of the 
solute in the 0ni state, they do imply the existence of a rather intimate con¬ 
nection between the factors which determine the domain of a salt as solute 
and the complex forces which fix the volume of the salt as a crystalline solid. 
In connection with this general conclusion we may remark the division of the 
salts into two groups. The divergence of the cesium salts from the others 
is due conceivably to the difference in the type of packing of the atoms in 
the crystal lattice. For when the 0,n values are plotted against the hypo¬ 
thetical volumes^ of the cesium salts with a rock-salt type lattice (indicated 
by triangles in Fig. i) they fall on the same line as the other salts. In the 
case of the lithium salts the divergence from the other alkali halides arises 
most probably from a unique property of the lithium ion in solution. As 
was shown in the previous article, equation 2 is applicable to solutions of 
lithium salts only up to a certain concentration and consequently the 0m 
values of these salts are not directly comparable to those of the other salts. 
It can be estimated, however, that the 0m values which would be obtained 
from the data of solutions of high concentration are somewhat less than those 
used in drawing Fig. i. 

The above properties of the 0m values do not throw very much light on 
their significance, particularly on the question whether they can be treated 
as equivalent to the desired 0' values. Even the interpretation to be placed 
on the interesting relationship portrayed in Fig. i is obscured by the neces- 


Tauling: Z. Krist., 67 , 392 (1928). 
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sity of special assumptions regarding the domains of the solute particles. 
On the other hand, in concluding this digession on the values it may be 
pointed out that their properties are not in conflict with the hypothesis 
by means of which we shall attempt to calculate values of 0'. As a matter of 
fact, our subsequent argument could be predicated on the close relationship 
shown to exist between the 4 >tn values and the volumes of the crystalline salts. 
For, if the <t>tn state is not the upper limit of the solution state, it can be shown, 



Fig. I 

The Relationship between the and Crystalline Volumes of the Alkali Halides 

as a consequence of equation 2, that the desired <^' values cannot differ greatly 
from the 0m values, unless the so-called free space is a very large fraction of 
the solution volume. 

The condition which we wish to propose for the calculation of 0' is most 
easily formulated in terms of one fundamental assumption. We shall postu¬ 
late that the transition from the solution state to the crystalline state is not 
marked by any abrupt change or discontinuity, that with increasing concen¬ 
tration the solute ultimately assumes the properties of a crystalline substance. 
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Despite the rather broad implications it carries, the assumption is not so 
novel as it appears at first sight. The implied similarity between the inter¬ 
ionic forces in crystalline solids, the inter-molecular forces in water, and ionic- 
molecular forces in solutions has been suggested by several authors on various 
grounds. For illustration we may cite the following conclusions of Langmuir' 
which are especially appropriate: ‘In fact the only essential differences be¬ 
tween liquids and solids seem to lie in the mobility of liquids and in those 
properties which are directly dependent on mobility. As a result of this 
mobility the definite lattice arrangement of solids gives way to the irregular 

arrangements characteristic of liquids. From these considerations it is 

evident that the forces involved in the structures of liquids are not essentially 

different from those of solids. The mobility of a liquids is thus due to a 

shifting of the relative positions of atoms which are all chemically combined 
with each other. 

The significance of our basic postulate is that it opens the way for a 
definition of the <#>' state from the standpoint of the crystalline state instead 
of from the unknown conditions of the solution state. This reversal of view¬ 
point may be expressed as follows. In place of attempting to determine the 
conditions under which a solute ceases to be in a solution state we shall 
attempt to establish the conditions under which a crystalline substance takes 
on the properties of a solute in solution. This latter condition, in accordance 
with our fundamental assumption, would appear to be that at which the 
regular lattice arrangement of the crystalline substance gives way to a less 
regular arrangement. 

According to the lattice theory- of the crystalline state of the heteropolar 
compounds, such as those we are dealing with, the inter-ionic distance is 
determined by the cohesive (attractive) forces and the opposing (repulsive) 
forces of the ions. At the normal, equilibrium distance R the resulting force 
is zero; on expansion it becomes positive; and on contraction, negative. At 
some value of the expansion t he resulting force reaches a maximum and there¬ 
after decreases in magnitude, approaching zero asymptotically. Since, when 
this maximum cohesive force is exceeded, the crystal is pulled apart, the 
volume corresponding to this point of expansion may be designated as the 
critical disruptive volume V* of the crystal. Now, for our purpose this critical 
disruptive volume marks the point of transition from a regular lattice arrange¬ 
ment to some irregular arrangement of the ions. Consequently, we shall 
attempt to identify the critical volume of the solution state V' (corresponding 
to 0') with the critical disruptive volume of the crystalline substance. 

To calculate the critical disruptive volumes of the alkali halides we shall 
employ the expression derived by Joffe: 



^ Langmuir: J. Am. Chem. Soc., 39 , 1857 (1917)* 

a A general summary is given by A. F. Joffe in his book “The Physics of Crystals" (1928). 
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Here R* and R are the inter-ionic distances in the critical disruptive and 
normal or equilibrium states, respectively. The attractive exponent m is 
unity for simple heteropolar lattices such as the alkali halides form. The 
repulsive exponent n varies with the type of ion involved: with simple ions of 
the inert gas type its magnitude lies between the limits, 5-12. In our present 
calculations we shall employ for each substance a value of n which is the mean 
of the n values of the constituent ions. The latter values are taken from the 
paper of Pauling to which reference has been made. Values of R* calculated 
by means of equation 3 are given below in Table II. Along with them are 
listed the normal interionic distances R of the crystals. 

Table II 

R* and R expressed in Angstrom Units. 




Li 

Na 

K 

Rb 

Cs 


(’1 

R* = 

2.99 

3 25 

3.60 

3 75 

405 

3 - 93 ' 


R = 

2-57 

2.81 

3 14 

327 

3 -56 

346 


Diff = 

0.42 

0,44 

0.46 

0.48 

0.49 

0.47 

Br 

R* = 

3-18 

3-43 

3 77 

392 

4.21 

4.09 


R = 

2-75 

2.98 

3 29 

3-43 

372 

3.60 


Diff = 

0.43 

0.45 

0.46 

0.49 

0.49 

0.49 

I 

R* = 

3 48 

3 70 

4.01 

415 

4.4s 

4.32 


R = 

3 03 

3 23 

3-53 

3.66 

3-95 

3 83 


Diff = 

0.45 

0.47 

0.48 

0.49 

0.50 

0.49 


An inspection of the figures given in Table II shows that the differences be¬ 
tween R* and R are very nearly constant, the mean difference being 0.47A. 
In other words the critical disruptive volume of crystalline salts, which marks 
the transition from a crystalline state to a non-crystalline state, is apparently 
definable by the condition’^ that the inter-ionic distance is approximately 
0.5 A greater than the normal, equilibrium distance in the crystalline state. 

Starting with values of R* it is a simple matter to calculate the critical 
disruptive volumes V* of the salts and from these to calculate by means of 
equation 2 the corresponding values of 0*, employing the constants pre¬ 
viously determined. The important qualtities V* and 0^^ are presented in 
Table III. In the same table are also given values of the space-filling quotient 
0* = 0VV*. 

1 Hypothetical rock-salt type structure. See discussion of Fig. i. 

® In connection with this result the general conclusion arrived at by Langmuir [ J. Am. 
Chem. Soc., 38 , 2247 (1916).! from considerations based on the properties of metals is 
worth noting: ‘The attractive forces between atoms increase to a maximum when the 
distance between atoms is about 0.6 X cm. greater than the distance at which the 
attractive force is zero.” 
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Before testing these V* values to see whether they can be identified 
with the </>' state a few general comments on them will not be out of place. It 
appears that the space-filling quotients with the exception of those of the 
lithium and cesium salts, are sensibly constant. These exceptions, it will be 
recalled, are the same ones which were found when dealing with the0m data. 
As in the latter case the cesium salts seem normal if their calculations are 
based on the hypothetical salts with a rock salt structure. Incidentally, 
since = i, the difference between the 0m and 0* states could be expressed 
as a difference in the condition defined by the space-filling quotients. How¬ 
ever, in this connection a significant fact should not be overlooked. While the 
condition ^m = i is purely arbitrary, the condition 0* = 0.64 is derived from and 
therefore represents the salts when they are in a definite, corresponding state. 
Finally, a comparison of the 0* and 0m values shows the latter to be the 
larger in every case and consequently to be associated with a more concen¬ 
trated state of solution than the 0* values. This fact, in terms of our basic 
postulate, would mean that at the 0m state the solute is already subject to 
the forces which characterize the crystalline state. 

Table III 

Values of Solution Constants (in cc.) 


Salt 

V* 

<!>* 

0 * 

V'« 

0 's 

0 'h 

LiCl 

32.4 

25.3 

0.78 

— 

— 

— 

LiBr 

39-1 

30.0 

0.77 

— 

— 

— 

Lil 

SI.2 

39.2 

0.77 

— 

— 

— 

NaCl 

41.6 

26.9 

0,65 

— 

— 

— 

NaBr 

49.0 

31.5 

0.64 

48 0 

31.4 

0.65 

Nal 

61.1 

40.6 

0 66 

54.1 

42.8 

0.79 

KCl 

56.6 

36.3 

0.64 

(>9 5 

34-3 

0 49 

KBr 

64.7 

41.3 

0 64 

72.0 

41.6 

0 58 

KI 

78.0 

51.0 

0.65 

75.7 

54.7 

0.72 

RbCl 

63.8 

40.7 

0.64 

63.4 

40.4 

0.64 

RbBr 

72.7 

46.3 

0.64 

— 

— 

— 

Rbl 

86.7 

55-9 

0.64 

— 

— 

— 

CsCl 

62.4 

48 0 

0.77 

65.8 

48.4 

0.74 

CsBr 

70.4 

53-4 

0.76 

— 

— 

— 

Csl 

83.0 

63.2 

0 76 

— 

— 

— 

CbCB 

73-4 

47.2 

0.64 

65.8 

48.4 

0.74 

CsBr> 

82.6 

52.8 

0.64V 

— 

— 

— 

Cfll‘ 97 S 62.7 0.64 

^ Hypothetical rock-salt type lattice structure. 

— 

— 

— 
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We shall now consider what quasi-direct evidence there is in support of 
our contention that the</»*, V* values represent the conditions at the hypothet¬ 
ical upper limit of the solution state. The basis of our test will be the values 
of^'s derived from equation 2 and the corresponding values of V'^ derived 
from the following empirical relationship^: 

Vl = a N + |3 (4) 

In this expression V» is the volume of the saturated solution which contains 
one gram mol of salt; N is the number of mols of water present in the same 
saturated solution; and a and are constants characteristic of the salt in¬ 
volved. The volume V/ of the solution at the critical state where no water is 
present is equal to Values of both 4 >/ and Vg' for those salts for which 
they have been determined are given in Table III. 

These <t>/t V»' values satisfy explicitly the condition which we seek to 
ascribe to the calculated 0*, V* values, namely, that no water is present in 
the solution. However, they are not directly comparable to the latter quan¬ 
tities because, as we have already pointed out, they represent the conditions 
of the limiting solution state at a much higher temperature. The effect of 
temperature on the critical constants is unknown and is probably not the 
same for all salts. A possible indication of the effect of temperature is the 
fact that some of the ^g' values are larger than the corresponding <l>tn values. 
Because of this temperature difference the question whether the calculated 
4 >*f V* values are the desired critical values cannot be answered decisively. 
It is of considerable significance, however, that with both and V the order 
of magnitude of the corresponding quantities is approximately the same. That 
the differences which appear may be caused by the effect of temperature is 
suggested by the fact that the discrepancies between the V terms is greater 
than those between the 0 terms. Finally, it may be pointed out that the 
quantities which we have already considered as the possible conditions of the 
limiting state would have to be rejected on the basis of the ^g', YJ values. 

The above discussion renders quite plausible our assumption that the cal¬ 
culated </>*, V* quantities are, or at least approximate, the critical limiting 
values of these constants. Of particular interest, therefore, are the values 
which, ^according to our hypothesis, represent the volumes or domains of the 
salts as solutes. Even though these volumes are not necessarily the domains 
of the solutes in actual solution, it is desirable to determine their possible 
significance in order to get some insight into the meaning of the latter term. 

Attention may be called to two general properties of these 0* values. 
First, they are additive within the limits of the supposed uncertainty of the 
basic data; and second, the values of calculated for o® and 50® are essentially 
the same as those for 25® which are given in Table III. These two facts may be 
taken to mean that the domain of each ion is independent of the other ion 
present in the solute and is also unaffected by small changes in temperature. 
With this conclusion in mind our problem can be resolved into a simpler one, 
that of ascertaining the significance of the individual ions in the^* state. 

1 Scott: J. Phys. Chem., 35 , 1410 (1931). 
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To introduce this problem the procedure employed in a previous attempt^ 
to determine the significance of the analogous <(>/ values may be recalled. In 
that case it was postulated that the ions are spherical in shape and are arranged 
in a space lattice so that each is in contact with the oppositely charged ion. 
The results obtained were interpreted to mean that the radii of the cations 
are the same as in the crystal lattice while the radii of the anions are approxi¬ 
mately 0.5 A larger than in the crystalline state. When the above method is 
applied to the present 0*, V* data, the calculated radii, although they exhibit 
roughly the same distinction between cation and anion, are individually very 
irregular. Since this result signifies that the solute volumes are not additive, 
it must be supposed that the general method is at fault. 

The failure of this method of approach can be understood by a closer 
examination of the basic premises from the standpoint of the argument which 
we have developed. Thus the assumption of a lattice orientation of the ions 
would hardly be consistent with the concept of the solution state. More 
questionable still is the assumption of a spherical shape for the space occupied 
by the solute ions. If we consider the origin of these solute volumes (0* 
values), we find that they can be defined only in very general terms as, for 
example, the space within which an ion exerts paramount influence and with 
in which adjacent ions (or water molecules if they are present) never pene¬ 
trate. In brief, the </>* value is simply the domain of exclusion of a solute. 
Now, if we grant, as is frequently supposed, that the .ions are spherical, the 
possibility that their domains of exclusion are likewise spherical is practically 
precluded. This differentiation between the shape of an ion proper and its 
domain of exclusion compels us to discard the simple picture of the ion with 
respect to the interpretation of the <l>* values. 

In order to get some idea of the shapes which these domains of exclusion 
can assume we shall take recourse to our guiding hypothesis which by impli¬ 
cation suggests a similarity between interionic forces and the forces acting 
between an ion and the surrounding water molecules. One possible conjecture 
is that the water molecules or ions in the immediate neighborhood of an ion 
in solution are so disposed about the ion that the arrangement is similar to 
the arrangement of the oppositely charged ions in the crystal lattice.* If we 
accept this analogy, we have a basis on which to select certain definite shapes 
which can then be tested. Thus, it can be shown® that the domain of exclusion 
takes the form of a parallelohedron, the particular form depending on the 
number (coordination number) of adjacent particles and also on the relative 
dimensions of the two units. For the simplest case where one sphere (ion) 
is surrounded by spheres (ions or water molecules) of the same diameter we 
can consider two possibilities: (i) when the coordination number is six, the 

^ Scott: J. Phys. Chem., 35 , 1410 (1931). 

connection it is interesting to note that Garrick [Phil. Mag. (7) 9, 130 (1930); 
10, 76 77 (1930)] ]^8 treated the problem of ion hydrates from the standpoint ol the dec- 
trostatic theory. The values he got for the coordination numbers of the alkali ions are in 
agreement with Sidgwick's co-valency rule. 

® A. E. H. Tutton: ‘‘Crystallography and Practical Crystal Measurement,” 724 (1922). 
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parallelohedron is a cube; when the coordination number is eight, the parallel* 
ohedron is a cubo-octahedron. 

Despite the simplifications introduced into the above argument its appli* 
cation to the interpretation of the 4 >* values is exceedingly suggestive. In 
Table IV are given the volumes of the two polyhedra circumscribed about the 
ionic sphere whose radius r is that found in crystals. The calculated volumes 
are for one gram-ion and are expressed in cc. 

Table IV 


Ionic Volumes as Spheres and Circumscribed Polyhedra 



Li^ 

Na-^ 

K+ 

Rb+ 

C 8 + 

Cl“ 

Br- 

I- 

r X io‘®cm. 

0.60 

0-95 

1-33 

1.48 

I . 69 

I 

.81 

1-95 

2.16 

Sphere 

o.SS 

2.18 

5-97 

8.23 

12.3 

15 

. I 

18.8 

25.6 

Cube 

1.05 

4.16 

II.4 

157 

23 *4 

28 

•7 

36.0 

48.9 

Cubo-octahedron 

0,81 

3.21 

8.78 

12.1 

18.0 

22 

. I 

27.7 

37-6 


A test of these calculated volumes indicates a rather general rule: the 
value of a salt appears to be composed of the volume of the cation as a cube 
and of the volume of the anion as a cubo-octahedron. This conclusion is 
illustrated rather strikingly in Fig. 2 where the various values are plotted 
against the sum of the volumes of the constituent ions, calculated according 
to the above rule. An inspection of this graph shows that the plotted points 
fall into two groups and that the points of each group lie on a straight line 
whose slope is unity. Since one of the drawn lines actually passes through 
the origin while the intercept of the other is only +2 cc., we have in this graph 
fairly good support of our interpretation of the values as domains of ex¬ 
clusion. The small difference between the two sets of points originates ap¬ 
parently in the properties of the cations. 

Before considering further the above results it is of interest to examine 
from the same standpoint salts which contain more complex ions than those 
found in the alkali halides. Masson in his article gives values of the constants 
of equation 3 for a number of uni-univalent salt solutions at various tempera¬ 
tures less than 25®. Since we do not have the necessary data with which to 
calculate the critical disruptive volumes of these salts, it will be necessary to 
determine the 0* values indirectly. This can be done supposedly by making 
use of the condition which has already been shown to characterize this state, 
namely, = 0.64. Calculated values of <!>* which satisfy this condition 
are given in column 3 of Table V. A test of these values by plotting them in 
Fig. 2 would not be very satisfactory because the ionic crystal radii are rather 
uncertain. It will be more instructive to reverse the process and calculate 
the radii of the complex, unknown ions. If a <^* value is plotted on the ap¬ 
propriate line (Fig. 2), the corresponding abscissa value is the solute volume 
in terms of the domains of exclusion of the crystal ions. From the latter by 
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subtracting the volume of the known ion (Table IV) we can get the domain 
of the unknown ion. It is then an easy matter to compute the radius of the 
inscribed sphere (ion). The data given below in Table V are self-explanatory. 
The ionic radii calculated by this method are seen to be in fair agreement 
with those estimated from crystal data with the exception of the nitrate ion. 
The discrepancy in this case may arise from the fact that the calculations 



Graphic Representation of the Conclusion that </>* Volumes equal approximately the 
Domains of Exclusion of the Crystal Ions. 

are based on the assumption of a cubo-octahedral shape for the domain of 
the nitrate ion. From its structure in crystals it appears that the four atoms 
of this ion lie in one plane, the oxygen atoms being at the vertices of an equi¬ 
lateral triangle with the nitrogen atom in the center. If this possibility is 
taken into consideration and the ionic radius is calculated on the assumption 
that the domain of exclusion of the nitrate ion has the shape of a triangular 
prism, the value obtained is practically the same as that found in the crystal 
lattice. 
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Table V 

Data bearing on Salts with Complex Ions 


Unknown 

Constants given for 

Values 

Radius of 

Radius estimated 

Ion 

solutions of 

of 

unknown ion from crystal data 

NO, 

NaNO, 

(20.2") 

37-5 

2.08 A 

2.60 A* 

NO, 

KNO, 

(15.0“) 

47.5 

2.08 


NO, 

AgNO, 

(18“) 

39.0 

2.08^ 


NH, 

NH4CI 

(is“) 

41.7 

152 

1 - 43 ^ 

NH, 

NH4NO3 

(17 -.O 

51.8 

1 . 40 “ 


OH 

NaOH 

(is“) 

18.9 

I.71 

I- 4-1 5 ^ 

OH 

KOH 

(15°) 

24.2 

1.41 



From the foregoing results it would appear that our description of the 0* 
values is reasonably confirmed. Unfortunately, however, the usefulness of 
these results is definitely restricted unless it can be established in what manner 
the domain of exclusion of an ion, that is, its volume as solute, varies with 
concentration. As we have already pointed out this prerequisite cannot be 
met because of the lack of a satisfactory picture of the solution state. Al¬ 
though our interpretation of the 0^ values cannot be transferred directly 
to solutions, it affords at least an advantageous starting point from which to 
examine further the factors which determine the apparent volumes of salts 
in solutions. 

To avoid the question of ionization we shall consider first the apparent 
molal volumes 0o at infinite dilution, for under this condition we can reason¬ 
ably postulate complete ionization. As a rule the 0o values are a good deal 
smaller than the corresponding <l>* values. To account for this fact we must 
imagine that most of this apparent decrease in volume is due to a change in 
the volume of the solvent when in solution because our interpretation of the 
domain of exclusion of an ion would not lead us to expect a great change in it. 
This assumption is essentially the one frequently made, that ions cause a 
'‘contraction^’ in the volume of the water molecules. Despite the uncertainty 
regarding the nature and the magnitude of the contraction brought about by 
an individual ion we can safely conclude that in very dilute solutions the 
amount of contraction is characteristic for each ion. 

The general viewpoint which the above discussion leads to is that the 
apparent molal volume of a salt at infinite dilution is equal to the ^'volumes” 
or domains of exclusion of the constituent ions less the contraction in the 
volume of the solvent which they produce. Since both volume terms are 
unknown, an unequivocal test of our premise is out of question. However, 

^ Radius of taken to be 1.26 as given by Pauling. Domains of exclusion found by 
interpolating on line through the Na points. Fig. 3. 

^ Radius of NOs” taken to be 2.08 A. 

® Bragg: Phil. Mag., 2, 258 (1926). 

* Goldschmidt: Trans. Faraday Soc., March 1929, pages 282 and 265. 
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as a preliminary step we can assume that the domains of exclusion of the ions 
are the same and equal to their <l>* values and then attribute all deviations 
from these values to alterations in the volume of the water. Such a test was 
made by plotting the ^<, values of the various salts against the same abscissa 
values used in the construction of Fig. 2. The interesting and suggestive 
features of the graph obtained by this method of plotting are brought out 
more clearly by a slightly different choice of abscissa values. 



Fig. 3 

The Relationship between the Apparent Volumes of Salts at Infinite Dilution and (he 
Assumed Volumes of the Salts as Solutes. 

Fig. 3 was constructed by plotting the values of the salts at 0° (open 
circles) and 25° (solid dots) against abscissa values determined by the follow¬ 
ing rules: the cation values at both temperatures are the volumes of cubes 
circumscribed about the ionic sphere. The anion values employed for the 
25° points are also the volumes of cubes; but the anion values employed for 
the 0° points are the volumes of octahedra and in magnitude lie between the 
volumes of the corresponding cubes and cubo-octahedra. In general, there¬ 
fore, the cation volumes are the same as in the ij>* state whereas the anion 
volumes are for both temperatures somewhat larger than in the </>* state. 
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Considerable caution must be observed in attempting to interpret the 
rather surprising relationships portrayed in Fig. 3, for it is obvious that the 
values assigned to the domains of exclusion of the solutes are quite arbitrary. 
While a test of the reasonableness of these values by means of some theory 
concerning the nature of water would be desirable, such a test cannot be made 
because none of the theories so far proposed is free from series criticism.^ As 
a matter of fact the only ground we have for attributing any significance to 
the accepted domains of exclusion is that they are not inconsistent with our 
general argument according to which the 0* value might undergo a small, 
but not a large, change with concentration. However, the relationships de¬ 
picted in Fig. 3 can be interpreted in terms of a simple hypothesis which 
leads to some interesting conclusions and which consequently will be outlined 
briefly. The hypothesis can be expressed in terms of two suppositions: First, 
the contraction in volume of the water is due to the decrease in the domains of 
exclusion of the water molecules which ensues when, instead of being in con¬ 
tact only with each other, they come into contact, temporarily or permanently, 
with ions. And second, the amount of this decrease in volume is sensibly 
the same for each water molecule in contact with an ion and is also practically 
independent of the ion involved. The bearing of this hypothesis on the inter¬ 
pretation of Fig. 3 is obvious. Since each of the salts yields two ions which 
together exert an influence on presumably the same number of water molecules, 
the total contraction should be the same for all the salts. In other words the 
plotted points for all the salts at a given temperature should fall on the same 
line whose slope is unity and whose intercept gives the total contraction of the 
water. 

Deviations from what apparently is the normal condition are manifest 
by the plotted points of the sodium salts at 0° and 2 5®, and by the iodides at 
25°. These points all fall on lines with a slope equal to unity and consequently 
the deviations indicate either an abnormal contraction of the water mole¬ 
cules or else a uniform alteration in the domain of exclusion of the solute. 
With respect to the cause of these deviations it can be pointed out that they 
occur only with salts whose common ion is relatively very large or small. The 
fact that the differences between the 0o values at 0° and 25° can be repre¬ 
sented as caused only by a change in the domains of exclusion of the anions is 
indeed curious. Here again the two exceptions to the rule are evidenced 
only by salts with either a very small ion (Li+) or a very large one (I“). For 
the sake of completeness points have been plotted in Fig. 3 for the salts with 
complex ions listed in Table V even though their basic data are somewhat less 
certain. 

^ For a resum6 see Chadwell: Chem, Reviews, 4 , 375 (1927). Recently, Stewart [Phys. 
Rev., 37 , 9 (1931)] has indicated numerous objections to the theory of complexes on the 
basis of x-ray diffraction data. He proposes a new conception of molecular groups (cybo- 
tactic condition) and states that it ^“seems to be in harmony with all the facts.’' In con¬ 
nection with out viewpoint it is interesting to note a further theoretical conclusion: “The 
new conception states that the secret of association lies in an understanding of those forces, 
call them chemical or physical as one will, which binds atoms together in a molecule and 
which causes stable configurations in crystals and unstable arrangement in liquids.” 



3394 


ARTHUR P. SCOTT 


While the above hypothesis is much simplified it is of interest to indicate 
briefly its bearing on the general problem of the increase in 0 with concen¬ 
tration. Because the domain of exclusion of the cation remains constant and 
that of the anion apparently decreases slightly with concentration, the in¬ 
crease in <t> would have to be attributed to a diminution in the number of 



Fig. 4 

The Relationship between the Apparent Molal Volumes of Salts in 
and at Infinite Dilution. 


Saturated Solutions 


water molecules in contact with the ions. This diminution could come about 
from the temporary formation of ion pairs or "'clusters^'^ which would result 
in the displacement of the water molecules adjacent to the ions. 

In one sense the formation of ion pairs or clusters corresponds to a reduc¬ 
tion in the number of free ions in solution and is therefore equivalent to the 
formation of ^ ^unionizedmolecules. This viewpoint suggests a connection 

I See Bjerrum: Ber., 62 B, logi (1929). 



APPARENT VOLUMES OP SALTS IN SOLUTION 


339S 


between <t> and the degree of ionization of the solute. Thus for the degree 
of ionization a would be equal to one and at the other extreme 0', would equal 
zero. At intermediate concentrations <l> would have to be corrected for the 
change in domain of exclusion of the anion in order to determine the amount 
of adjacent water molecules displaced. Without going into the matter further 
it may be pointed out that Masson, from a distinctly different hypothesis, 
arrived at a rather similar conclusion and expressed the relationship between 
<t> and a by the formula: 


0 "" 0o 
<l>m ““ <^o 


( 5 ) 


His comparison of the calculated term i — a with the experimentally deter¬ 
mined values at one molar concentration revealed that the former were al¬ 
ways too small. The general modifications introduced by our argument, viz., 
the substitution of </>' for the slightly larger </>m value and the use of a corrected 
value of (j) slightly greater than the actual value, would be in the right direction. 

In conclusion the possible application of the foregoing interpretation of 
apparent molal volumes to*the problem of the saturated state may be touched 
on. In Fig. 4 values of <t>s at both o® (open circles) and 25® (solid dots) are 
plotted against the corresponding values of If the fact that both the <t>9 
and 0o data are subject to experimental error is taken into account, the drawn 
lines with slopes equal to unity appear to represent the relationship between 
the plotted points fairly well. In any case it is obvious that the difference be¬ 
tween and <t>o is approximately constant for all the salts at one temperature 
and is not determined by the total number of water molecules present in the 
saturated solution, a factor which varies considerably with the different salts. 
In terms of our hypothesis this would mean that the degree of ionization is 
roughly the same for all salt solutions when saturated. However, a pre¬ 
liminary examination of some other data of the solutions of sodium and 
potassium salts suggests that the degree of ionization depends on the cation 
and is the same for all salts with a common cation. This latter conclusion is 
apparently confirmed by the evidence to be derived from solutions containing 
one salt at various concentrations and saturated with a second salt. When 
both salts have a common cation, the apparent molal volume of each remains 
constant with varying concentrations in spite of the fact that the number of 
water molecules present vary over a wide range. In some cases, however, in 
which the anion instead of the cation is common to both salts, the apparent 
molal volumes of one or both salts appear to undergo an abrupt change at a 
specific concentration. This matter, which may throw some light on the 
mechanism of the saturated state, will be discussed in a subsequent paper. 


Summary 

The present article gives the results of an attempt to interpret the ap¬ 
parent molal volumes of salts in solution from the viewpoint that at the critical 
limit of the solution state, defined by the condition that the amount of water 
present is zero, the apparent molal volume of a salt is an approximate measure 
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of the volume of the salt as solute. The critical volume of the solution is 
assumed to coincide with the molal disruptive volume V* of the crystalline 
salt. The hypothetical value of the apparent molal volume <(>* at this state is 
calculated by means of Masson’s equation. 

The properties of these critical constants, as found for the alkali halides, 
may be summarized briefly. First, the space-filling quotient = ^*/V* 
is sensibly constant and equals 0.64. Second, the value of a salt can be 
considered equal to the sum of the domains of exclusion of the constituent 
cation and anion if these quantities are chosen so that the volume of the cation 
is equal to that of a cube and the volume of the anion is equal to that of a cubo- 
octahedron. In each case the volume of the parallelohedron is calculated on 
the condition that it is circumscribed about the ionic sphere whose radius 
is that of the ion in crystals. 

The relationship between the apparent molal volume of a salt at infinite 
dilution and the above domains of exclusion is also considered. It is found 
that, if a slightly larger volume is ascribed to the anion, the magnitude of 
can be expressed as the sum of the domains of exclusion of the two ions less a 
constant quality. A tentative hypothesis is developed to account for the 
above observations and its bearing on the variation in 0 with concentration 
is discussed. Finally, a possible deduction from this hypothesis with respect 
to the saturated state is pointed out. 

The Rice Imiiiutet 

Houston , Texas . 



SOLUTIONS FOR COLORIMETRIC STANDARDS. V 

A Study of Certain Systems Proposed for Use in the Determination of 

pH Values* 

. 1 . P. MEHLIG WITH M. G. MELLON 

Colorimetric methods of analysis in analytical chemistry have long been 
known, but more recently their development and extension have been so 
rapid that now such methods are available for many substances. Probably 
one of the most important fields of colorimetry is that of the determination 
of the hydrogen ion concentration or pH value of solutions, wherein the color 
produced by adding a certain indicator to a given solution is matched against 
the color produced by adding the indicator to standard buffer solutions of 
known pH value. 

Since many indicators are photochemically sensitive and bleach out in 
time, and are otherwise easily decomposed, various workers have sought to 
subsiitute for them permanent standards made by use of solutions of colored, 
inorganic salts. Kolthoff^ prepared blends of solutions of ferric chloride and 
cobaltous nitrate to match the colors produced by neutral red, methyl orange, 
methyl red, and tropaolin oo. He did not, however, propose a complete set 
of standards, leaving gaps between pH 4.5 and 5.2 and between pH 5.8 and 7.0. 
His increments are very uneven, varying from 0.02 to 0.3 pH unit. Taub’-* 
prepared, by use of the Lovibond tintometer, blends of Arny^s®^ ^‘Co-Fe-Cu’^ 
solutions to match the colors produced by methyl orange, methyl red, meta- 
cresol purple (acid and alkaline range), thymol blue (acid and alkaline range), 
bromcresol green, chlorphenol red, bromthymol blue, phenol red, and cresol 
red. These standards cover a pH range of i. 2-9.0 at even 0.2 intervals. Taub 
claimed they have been found to remain unchanged for more than ten years. 
Bruere^ prepared blends of solutions of cobaltous nitrate, potassium dichro¬ 
mate, cupric sulfate, and cobaltous chloride to match the colors produced by 
methyl red, bromthymol blue, and phenol red, covering a pH range of 4.4“8.4 
at even 0.2 intervals. Windisch, Dietrich, and Kolbach® prepared blends of 
solutions of potassium chromate and dichromate to match the colors produced 
by the one-color indicators oc-{2:4) and 7-(2:5) dinitrophenol and m- and 
p-nitrophenol, covering a pH range of 2.8-8.4 at even 0.2 intervals. Kolthoff^ 

* This paper represents a portion of a thesis submitted by J. P. Mehlig to the Graduate 
School of Purdue University in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy, June, 1931. 

^ Pharm. Weekblad, 59 , 104 (1922). 

J. Am. Pharm. Assn., 16 , u6 (1927). 

® Proc. 8th Int. Cong. Appl. Chem., 26 , 319 (1912). 

* J. Am. Pharm. Assn., 12, 839 (1923). 

J. pharm. chim., [8] 3 , 377, 4 , 241 (1926); Bull. soc. chim. biol., 10, 291 (1928). 

^ Wochenschr. Brauerei, 39 , 67 (1922); Chimie et Industrie, 8, 1099 (1922). 

^ Pharm. Weekblad, 60 , 949 (1923). 
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also used potassium chromate and dichromate as comparison solutions for the 
mono- and di-nitrophenols and for salicyl yellow, but here again his pH incre¬ 
ments are very irregular and so difficult to duplicate that little practical use 
can be made of the standards. 

Careful observation of these matched pairs of inorganic and organic solu¬ 
tions often shows the presence of slight variations in hue, thus raising the 
question as to whether the two colors, although seemingly matched in a color¬ 
imeter, really are identical. The present work was undertaken with the object 
of securing, by means of spectrophotometric analyses, information regarding 
the colors of the so-called matches. The solutions investigated were the 
''Co-Fe'' blends proposed by Kolthoff,^ the ^'Co-Fe-Cu'' blends proposed by 
Taub,2 and the “Co-Cu-K2Cr2()7” blends proposed by Bruere,^ and the potas¬ 
sium chromate-dichromate blends proposed by Windisch, Dietrich, and 
Kolbach.6 

Previous Work 

Apparently no previous spectrophotometric study similar to the present 
one has been reported. Janke and Kropacsy^ have shown, through a com¬ 
parative study of the absorption spectra, that solutions of ferric and cobaltous 
salts, as used by Kolthoff, are not similar in ^‘color tint^^ and “color depth“ to 
solutions containing methyl orange, methyl red, neutral red, or tropaolin oo. 
On the contrary the chromates and dichromates, proposed by Windisch and 
his co-workers, were found to be very applicable for the preparation of in¬ 
organic permanent standards to serve for comparison with the mono- and di- 
nitrophenols, since the matches gave closely agreeing absorption spectra. 

It should be mentioned that various spectrophotometric studies for indi¬ 
vidual samples of practically all of the indicators studied in the present work 
have been made, and the spectral transmission curves have been published;^ 
but in these cases the object was not to determine spectrophotometrically 
differences of color. Recently Mellon and Ferner^® have published curves 
showing the effect on certain indicator solutions of the following factors: 
(i) source (or degree of purity) of the indicator, (2) method of preparation of 
the stock solution of the indicator, and (3) ageing, particularly the effect of 
light. 

Preparation of Materials 

In purifying the materials used in preparing the solutions the usual pre¬ 
cautions for careful work were observed, such as using “conductivity water 
made by distilling over potassium permanganate and barium hydroxide, cali¬ 
brating all volumetric apparatus, recrystallizing salts three times and preserv¬ 
ing solutions in Pyrex containers that had been cleaned by steaming.^^ Clark's 

*Biochem. Z., 174, 120 (1926). 

»(a) Baker and Davidson: Phot. J., 62 , 375 (1922); (b) Brode; J. Am. Chem. 80c., 46, 
581 (1924); (c) Gibbs and Shapiro: J. Am. Chem. Soc., 50, 2798 (1928); (d) Mellon and 
Martin; J. Phys. Chem., 31, 161 (1927); (e) Thiel, and Springemann: Z. anorg. allgem. 
Chem., 176, 64, 112 (1928); (f) Thiel, Wuelfken, and Daasler: Z. anorg. allgem. Chem., 
136, 406 (1904). 

J. Phys. Chem., 35, 1025 (1931). 

>’ Chemists Analyst, 19, 23 (1930). 
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directions'^ were followed in preparing one-fifth normal hydrochloric acid, the 
buffer solutions, and one-fifth normal solution of sodium hydroxide free from 
carbon dioxide. The latter solution was kept in a paraffin lined bottle. 

Inorganic Stock Solutions for KoUhoff^s and for TauVs Matches, —Approxi¬ 
mately M/4 solutions of cobaltous chloride hexahydrate, cobaltous nitrate 
hcxahydrate, cupric sulfate pentahydrate, and cupric chloride dihydrate were 
prepared by dissolving the recrystallized salts in a 1% solution of hydrochloric 
acid which had been made by proper dilution of constant boiling point acid. 
The solutions were standardized against a solution of sodium thiosulfate that 
had been standardized against pure potassium dichromate. In the case of the 
salts of cobalt the Amy and Taub^ modification of the Engle and Gustavson 
iodide method^'"* was followed. For the salts of copper the iodide method as 
given in Mahin^s text^^ was used. After the preliminary standardization each 
solution was diluted to exactly fourth molar and checked by restandardization. 

Anhydrous ferric chloride was prepared by passing dry chlorine over clean 
iron wire (piano-wire grade) according to the directions of H. and W. Biltz.^^ 
A solution (M/6) was made by dissolving this product irt 1% hydrochloric 
acid and standardizing against a solution of potassium dichromate which had 
been made by direct weighing of the pure, recrystallized salt. 

Brtiere^s Inorgmiic Stock Solutions. —Solutions of cobaltous chloride hcxa¬ 
hydrate and of cupric sulfate pentahydrate, 10% by weight, and a solution of 
cobaltous nitrate hexahydrate, 20% by weight, were made by dissolving the 
recrystallized salts in water, standardizing as in the case of Taub^s solutions, 
and adjusting to the exact strength by the addition of the proper weight of 
distilled water. A 0.03% solution of potassium dichromate was prepared by 
direct weighing of the pure salt. Bruere^s A, B, and D stock solutions'^ 
were made by proper mixing of the above solutions. 

Windisch^s Inorganic Stock Solutions.^ —An approximately M/io solution 
of potassium chromate was prepared by dissolving the recrystallized salt and 
standardizing against a solution of sodium thiosulfate. This solution was then 
diluted to exactly M/ioo. A M/60 solution of potassium dichromate was 
made by direct weighing of the pure salt. From this solution a M/300 solu¬ 
tion was made by dilution. 

Indicator Stock Solutions. —In an earlier paper^^^ of this series attention was 
directed to the desirability of having a standard method for the preparation of 
solutions of indicators, and of adopting definite specifications for the purity of 
the indicators. Since neither of these standards has been established, all that 
seemed possible in the present work was to follow the methods of preparation 
used by the individuals whose solutions were to be investigated, and to select 
those samples of indicators which previous work had indicated to be most 
dependable. 

** ‘The Determination of Hydrogen Ions,*' pp. 192-196, 200, 201 (1927). 

J. Ind. Eng. Chem., 8, 901 (1916). 

“Quantitative Analysis," p. 240 (1924). 

“Laboratory Methods of Inorganic Chemistry," p. 68 (1909). 
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KoUhoff's Indicator Stock Solutions—Meihyl orange was purified by G. W. 
Femer of this Laboratory using Hunter's method^® of recrystallizing three 
times from hot water and drying in air. A 0.025% aqueous solution of this 
purified product was used. The other indicator solutions were made as follows: 
methyl red-0.025% solution in dilute ethanol (3:2); neutral red-0.05%, solu¬ 
tion in dilute ethanol and tropaolin aqueous solution. 

Taub's Indicator Stock Solutions—A 0.04% solution was used throughout, 
as directed in the International Critical Tables.'^ One-tenth gram of the indi¬ 
cator, as furnished by the manufacturers, was dissolved in 52 ml. of neutral, 
Q5%, ethanol, which had been distilled over barium hydroxide, the amount of 
N/ioo sodium hydroxide designated by Taub^ was added to neutralize the 
indicator acid, and the solution was made up to 250 ml. with distilled water. 

Bruere*s Indicator Stock Solutions ,^— Two hundredths gram of methyl red, 
0.02 gm. of phenol red, and 0.04 grn. of bromthymol blue were each dissolved in 
60 ml. of neutral, g5% ethanol and each solution was made up to 100 ml. with 
distilled water. 

Windtsch^s Indicator Stock SolutionsS' —Solutions of a~{2 14) and of y~(2 15) 
dinitrophenol were made by dissolving o.i gm. of the indicator in 21 ml. of 
neutral, 95%; ethanol and diluting to 100 ml. with distilled water. Solutions 
of m- and p-nitroph(‘nol wen' made by dissolving 0.3 gm. of the indicator in 
water and diluting to 100 ml. The sample of 7-dinitrophenol was made by S. 
B. Lippincott of this Laboratory according to Bantlin’s method^® by nitration 
of m-nitrophenol. 

Spectrophotometric Data 

In accordance with the recommendations of various individuals*®a 
spectrophotometer was selected as the proper instrument for determining the 
colorimetric characteristics of the solutions considered. All spectrophoto- 
metric analyses were made with the Keuffel and Esser color analyzer used in 
the earlier investigations ih this series.®‘^»‘® The procedure followed differed 
from that reported by Mellon and Martin®"^ only in the use of t wo 400 watt 
Mazda lamps for illumination of the samples in 5 cm. and 2 cm. tubes and in 
less frequent checking of the sector settings and of the wave-length scale. All 
data were obtained by setting the instrument for a given wave-length at inter¬ 
vals of 10 millimicrons and reading directly the percentage of transmittancy. 
The reading recorded for each setting represented the average of five readings 
among which the greatest variation was not more than 0.9%,. 

A preliminary" seric's of analyses was made of the five standard stock 
solutions, M/4 cupric chloride, M/4 cupric sulfate, M/4 cobaltous chloride, 
M/4 cobaltous nitrate, and M, 6 ferric chloride, using 2 cm., 5 cm., and to cm. 

Biochem. J., 19, 42 (1925). 

“International Optical Tables,” 1, 89, (1926). 
i«Ber., 8, 21 (1875). 

19 Holmes: Chemicals, 30, No. 21, 31 (1928); cf. also Am. Dyestuff Reptr., 18, 2 (1929). 
•fo Committee of Revision of U. S. Pharmacopoeia, “Color Names in the U. S. Pharma¬ 
copoeia and in the Arts, Sciences and Industries,” p. 65 (1930). 

Troland et al.: J. Opt. 80c. Am.-Rev. 8ci. Instruments, 6, 527 (1922). 



SOLUTIONS FOR COLORIMETRIC STANDARDS 


3401 


tubes for each. The object was to study the effect on the color of the same 
solution of using varying lengths of tubes and to study any influence of the 
anion upon the colors of the cupric and cobaltous cations. Taub^ states that 
the color ^Values^^ of solutions of cupric chloride and of cupric sulfate are identi¬ 
cal when observed with a colorimeter. Arny and Pickhardt^- had earlier re¬ 
ported that an M/4 solution of cupric sulfate was distinctly darker than an 
M/4 solution of cupric chloride. 

The inorganic matching solutions or blends proposed by Kolthoff/ by 
Taub,” by Bruere,^ and by Windisch® and his co-workers were made from the 
stock solutions by following the respective procedures of these men except as 
noted for Kolthoff’s solutions. The corresponding indicator-buffer solutions 
were made by adding the specified amount of indicator stock solution to 10 ml. 
of the recently prepared Cflark^- buffer solutions. 

Since Kolihoff’s pH increments were very uneven in some cases, and hence 
very difficult to duplicate, buffer solutions at even 0.2 pH intervals were 
matched against his inorganic standards as closely as possible by means of a 
Klett colorimeter, water being added when necessary. As Kolthoff did not 
specify the amount of water to add in any case, this was found by trial. None 
of the other matched solutions were compared in a colorimeter, but to the eye 
the matched colors appeared to be very similar. 

Five cm. tubes were used in the analysis of each matched pair of solutions. 
In certain cases analyses were also made using 2 cm. tubes, since in the usual 
colorimetric determination of pH value the observer looks through a layer of 
solution which is more nearly 2 cm. in thickness. 

Spectral Transmission Curves 

The transmittancy data obtained were plotted on a semi-logarithmic basis, 
using the percent transmittancy as ordinates and the wave-length in milli¬ 
microns as abscissa. Appel and Rrode^-^ noted that this type of curve gives a 
good representation of the absorption as it appears to the eye. Representative 
curves are shown in Figs. 1-15. In Figs, i - r 4 all of the curves for a given indi¬ 
cator and its inorganic matches appear on the same graph. Fig. 15 shows an 
example of the curves obtained for the matched pairs when 2 cm. tubes were 
used in the analyses. The corresponding curve for the 5 cm. tube is repeated 
on the same graph for comparison. 

Spectrophotometric Calculations 

Such curves as the ones shown are often sufficient in themselves for certain 
purposes as an indication of the properties of the system measured; but when it 
is desired to know the relative brilliance, colorimetric purity (i.e., saturation), 
and dominant wave-length of the system (monochromatic analysis), or the 
percentages of the elementary red, green, and violet excitations constituting 
the color (trichromatic analysis), further calculation is necessary. After care- 

22 Drug. Circ., 58, 131 (1914). 

2^ Ind. Eng. Chem., 16, 797 (1924). 
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5 cm. tubes containing (i) a solution made by adding 0.4 ml. 
of a 0.04^,^, solution of indicator to 10 ml. of buffer solution and 
(2) Taub’s inorganic matching solution. 


ful inspection of the curves, nine pairs of matches were chosen for this calcula¬ 
tion with the idea not only of showing any wide variations of colorimetric 
characteristics, but also of indicating the nature of their agreement in cases 
where the curves are very similar. The calculations were made according to 
the method described by Mellon,-** and similar data were obtained, the summary 
of which is contained in Table I. It should be pointed out that a purple does 
not have any real dominant wave-length; that is, no mixture of homogeneous 
light and 'Vhite light'’ can be found which will match the purple color. In 
giving the monochromatic specification in such a case, by convention the 
dominant wave-length of the complementary color, expressed in the table by 
the use of the letter is indicated. This is defined as that wave-length of 


2^ J. Phys. Chem., 33 , 1932, 1934 (1929). 
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light which is required to be mixed with the sample light in order to match 
white. Hence, the resulting hue, instead of being like that of the sample, is 
farthest removed from it. 

Discussion of Results 

Anomalous Curves, —Inspection of the curves brings to light several anom¬ 
alies in location that should be pointed out. In Fig. 4 the curve for the indi¬ 
cator-buffer solution for pH 4.0 seems hardly in the right elevation with respect 
to the curves for pH 3.8 and 4.2. In Fig. 6 the curve for the indicator-buffer 
solution at pH 6.2 probably should be more nearly midway between the curves 
for pH 6.0 and 6.4. In Fig. 8 the curve for the inorganic solution corresponding 
to pH 7.6 seems hardly in the right elevation with respect to the curves corre¬ 
sponding to pH 7.4 and 7.8. None of the curves was actually constructed at 
the time of making the spectrophotometric readings and when they were con¬ 
structed later, unfortunately there was not an opportunity of checking any 
questionable points. 

Explanations for peculiarities in other curves follow. In Fig. 2 the location 
above 600 m^ of the curve for the inorganic solution corresponding to pH r.2 
presumably depends upon the fact that the solution contains cupric chloride 
and no ferric chloride while all the other inorganic solutions of this set contain 
ferric chloride and no cupric chloride. In Fig. 9 the curves for the inorganic 
solutions corresponding to pH 7.6 and pH 7.8 seem to be interchanged in posi¬ 
tion, but it so happens that the solution for pH 7.8 contains less cobaltous 
chloride, less cupric chloride, and more water than the solution for pH 7.6. 
For all the other solutions of the set as the pH increases, the amounts of co¬ 
baltous chloride and of cupric chloride increase. Hence the curve for pH 7.8 
should lie above that for pH 7.6. In Fig. 12 the odd location above 600 mu of 
the curve for the inorganic solution corresponding to pH 4.4 is believed to de¬ 
pend upon the presence of potassium dichromate which none of the other in¬ 
organic solutions of this set contains. In Fig. 13 the seemingly inconsistent 
location above 600 nijn of the curve for the inorganic solution corresponding to 
pH 6.0 is most likely dependent upon the absence from the solution of cupric 
sulfate which is present in all the other solutions of the set. In Fig. 14 the 
questionable location above 600 m/x of the curve for the inorganic solution 
corresponding to pH 8.4 is ascribed to the absence from the solution of potas¬ 
sium dichromate which is present in all the other solutions of the set. 

Since in nearly every case the inorganic solution contains two or more salts 
possessing different colors, the resulting color is a mixture, and therefore the 
curve may exhibit irregularities not found in the curves for the indicator- 
buffer solutions, which do not contain mixtures of colored compounds. 

Points of Maximum Absorption and of Intersection, —Erode,in proposing 
a spectrophotometric method for the determination of the concentration of 
hydrogen ions in solutions of dyes, showed that, for azo and phthalein dyes, 
the absorption band does not shift in wave-length, but simply changes in inten¬ 
sity (height) with a change in the hydrogen ion concentration. Baker and 
Davidson®*' confirm this fact for a number of Clarkes indicators. Hence, no 
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matter what the concentration or what the pH value of the indicator solution, 
the spectral transmission curve for such compounds will show a minimum 
point, that is, a wave-length of maximum absorption, at a definite wave-length. 
The more dilute the solution, the higher on the graph this point will be, but 
always at the same wave-length. The present curves bear this out very strik¬ 
ingly. Another interesting fact is that for a number of the indicators there is 
approximately a point at which all the curves for the various pH values of a 
given indicator cross. 

The curves for the same indicator on the different graphs are, in general, 
consistent among themselves as to general form( except as affected by concen¬ 
tration), the minimum point, and the point of intersection. This applies to 
methyl red, Figs, i and 12; to phenol red, Figs. 7 and 14; and to bromthymol 
blue. Figs. 6 and 13. The general form of the indicator curves is very similar 
to that of the curves of Brodc^*^ and of those previously reported from this 
Laboratory,®‘^’^° and the minimum points check very closely. The points of 
intersection agree with those of Erode. 

Principles underlying Comparison of Colors. —Two colors may be compared 
simply by comparing their spectral transmission curves. If two solutions 
yield curves practically superimposable upon each other within the limits ob¬ 
tainable with the instrument used, it may be concluded that the samples show 
the same color; but if there is a marked difference between the curves for the 
two solutions, it is evident that the two colors may be different. In the use of 
such curves certain facts should be borne in mind.-^ “Two colors which appear 
to match under one illumination may not appear to match under another. It 
is possible for two colors which appear matched in daylight to have the same 
brightness, dominant wave-length, and purity and yet each yield an entirely 
different spectral distribution curve when measured on a spectrophotometer. 
If, however, the two colors yield the same curve, they will not only have the 
same brightness, dominant wave-length, and purity, but will appear matched 
under any illumination whatever.’^ Priest'^® has shown that “if any two lights 
however different in spectral distribution, excite colors of the same (juality, the 
wave-lengths of the centers of gravity of their spectral distributions are coinci¬ 
dent,'' but “two spectral distributions of light may have the same wave-length 
of center of gravity and not excite colors of the same quality if the lights in the 
two cases are distributed over different ranges of wave-length." 

Curves for Stock Standard Solutions (not shown in this article).—The general 
form of these curves checked that shown by Mellon and Martin®^ for one- 
fourth molar solutions of cupric sulfate, ferric chloride, and cobaltous chloride. 
The one-fourth molar solutions of cupric sulfate and cupric chloride gave 
practically identical curves, as did also the one-fourth molar solutions of cobalt¬ 
ous chloride and cobaltous nitrate. Therefore, the colors of the cupric ion and 
of the cobaltous ion are not differently affected at this concentration by the 
anions in question, and Taub's statement^ that the color “values" of the two 

“ Keuficl and Esser: Technical Bulletin accompanying color analyzer. 

^ J. Opt. Soc. Am.-Rev. Sci. Instruments, 4 , 388 (1920). 
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cupric solutions are the same is borne out by the spectrophotometric analyses. 
The relative positions, as well as the similar general forms of the curves result¬ 
ing from the use of 2, 5, and 10 cm. tubes in the analysis of each solution, indi¬ 
cate that these solutions of ferric chloride, cobaltous chloride, cobaltous nitrate, 
cupric sulfate, and cupric chloride do not exhibit dichromatism. Shortening 
the tube in a given case is equivalent to diluting the solution. 

Curves for TauVs, Kolthoff^Sj and Bruere^s Matches, —The curves shown in 
Figs. I-10 and 12-14, together with similar curves not shown, prove conclu¬ 
sively that the solutions containing cobaltous and ferric salts proposed by 
Kolthoff, the solutions containing cobaltous, ferric, and cupric salts proposed 
by Taub, and the solutions containing cobaltous and cupric salts and potas¬ 
sium dichromate proposed by Bruere as permanent standards for the color¬ 
imetric determination of hydrogen ion concentration, do not possess the same 
colors as do the indicator-buffer solutions they are said to match. In no case is 
there even approximate coincidence of the curves for a ''matched'^ pair. The 
curves obtained for Kolthoff^s matches for methyl orange, neutral red, and 
tropaolin 00 and the curves for Taub^s matches for methyl orange and methyl 
red, which are not shown here, gave similar results. Some of the most striking 
examples of dissimilarity are bromcresol green, pH 5.0 (Fig. 4); chlorphenol 
red, pll 6.2 (Pig. 5); bromthymol blue, pH 7.0 (Figs. 6 and 13); cresol red, 
pH 8.2 (P"ig. 8); metacresol purple, pH 8.6 (Fig. 9); thymol blue, pH 9.0 
(Fig. 10); methyl red, pH 4.4 (Fig. 12); and phenol red, pH 8.4 (Fig. 14). It 
should be kept in mind of course, that the data of Mellon and Ferner^® indi¬ 
cate that some variation in curves may be obtained, due to differences in 
individual samples of indicators. 

Fig. 15 shows that the same general type of curve is obtained for the color 
of the solutions in question irrespective of whether 5 cm. or 2 cm. tubes are 
used in the analysis, and that the colors of the ^‘matched^^ indicator and in¬ 
organic solutions are not the same, even when observed through 2 cm. tubes. 
However, the curves lie closer together when the shorter tubes are used. 
Curves, not shown here, indicating similar results were obtained for Taub^s 
matches for bromcresol green, bromthymol blue, phenol red, cresol red, and 
metacresol purple (alkaline range) and for Bruere’s matches for methyl red. 

Curves for Windisch^s Matches. —Inspection of the curves given by the 
Windisch pairs indicates that the chromate-dichromate matches for the nitro- 
phenols are very satisfactory. Curves are shown for 7-dinitrophenol only 
(Fig, 11), It is interesting to note that these indicators are one-color indicators 
whereas those reported above are ones showing two colors. 

Numerical Specifications. —The calculated numerical specifications of color 
for a number of the pairs of indicator and inorganic solutions (Table I) show 
further the lack of agreement between the colors of the solutions of the indi¬ 
cators and of the matches proposed by Taub and by Bruere, and also show the 
close agreement of the colors of the nitrophenols and their chromate-dichro- 
mate matches. It should be recalled here that mere agreement of numerical 
specifications does not necessarily mean that the colors are identical, unless the 
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spectral transmission curves are coincident. Two colors which appear matched 
in daylight may have the same numerical specifications and yet yield entirely 
different curves. This would mean that the colors would not match under all 
illuminations. In the light of Priest^s conclusions^® it is evident that if two 
colors are to match under all illuminations, they cannot have different wave¬ 
lengths of their centers of gravity. A most pronounced example of this lack 
of coincidence is shown by chlorphenol red and its inorganic ^^match.^^ 

The results obtained in the present work are in accord with those reported 
by Janke and Kropacsy® in their studies on the absorption spectra of Kolthoff’s 
cobalt-iron matches and of the chromate-dichromate matches of Windisch 
and his co-workers. While the latter matches are reliable, it is doubtful if the 
unbuffered aqueous solutions of potassium chromate and dichromate would 
really prove to be permanent standards. Heintz^^ reported that solutions of 
a chromate and of a dichromate, used for comparison with indicators in the 
colorimetric determination of hydrogen ion concentration, changed in color 
over a period of six months. Jorgensen-® states that if a definite pH value be 
given to a solution of a chromate or a dichromate by using a buffer mixture 
instead of water alone as the solvent, the solution takes on a permanent, 
definite color tint. 

Conclusions and Summary 

By this spectrophotometric study it has been shown that, 

1. Solutions of cupric chloride and of cupric sulfate have the same color 
at a concentration of one-fourth molar with i% hydrochloric acid as the 
solvent. 

2. Solutions of cobaltous chloride and of cobaltous nitrate have the same 
color at a concentration of one-fourth molar with i% hydrochloric acid as 
the solvent. 

3. The above mentioned solutions of cupric chloride, cupric sulfate, 
cobaltous chloride, and cobaltous nitrate, in addition to a similar solution of 
ferric chloride, do not exhibit dichromatism under the conditions studied. 

4. The use, as permanent standards, of a series of solutions of salts of 
cobalt, iron, and copper for comparison with the color tints produced by two- 
color indicators in the determination of hydrogen ion concentration is not to 
be generally recommended. If such standards are used, the comparisons of 
color should be made preferably through thicknesses of solutions not exceeding 
2 cm., and the possible difficulties mentioned in this paper should be kept 
in mind. 

5. The use, as permanent standards, of a series of aqueous solutions of 
potassium chromate and dichromate for comparison with the color tints 
produced by the one-color indicators, m- and p-nitrophenol and a- and 7- 
dinitrophenol, in the determination of hydrogen ion concentration, is recom¬ 
mended, provided precautions are taken to keep the solutions from fading. 

Purdue Universityj 
Lafayette^ 

Indiana, 

Z. ges. Brauw., 46 , 82 (1923). 

2»Biochem. Z., 186 , 485 (1927). 
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The Electrochemistry of Solutions. By S. Glassione. 23 X 15 cm; pp. viii + 476, 
London: Methxien and Companyy 1930. Price: 21 shillings. The electrochemistry of solu¬ 
tions is one of the most highly developed branches of physical chemistry. In recent years a 
particularly intensive study of the subject has been made in relation to modern ideas in 
physics and chemistry and in connexion with the increasing utilisation of electrochemical 
methods and processes in chemical and metallurgical industries. In spite of this there has 
not been hitherto any English text-book which provides a systematic account of the whole 
subject on modern lines. It is true that the electrochemistry of solutions receives a good 
deal of attention in text-books of physical chemistry and in the introductory portions of 
works on applied electrochemistry, and that certain specialised portions of the field are 
adequately covered by monographs. But a book of the type which Dr. Glasstone has now 
provided has long been lacking, and the author merits the thanks of all who are concerned 
with electrochemical matters for filling this notable gap in British scientific literature. 

The opening chapter deals with the laws of electrolysis and the concept of electrolytic 
dissociation, and serves to clear the ground for the subsequent systematic treatment. In 
the following four chapters which are devoted to ionic migration and electrolytic conduc¬ 
tion due reference is made to recent work on the solvation of ions, on the solvent correction 
in. conductance measurements, and on the extrapolation of conductance data. Chapter VI 
is concerned with the application of the law of mass action and the development of the 
activity concept, and special reference is made to solubility relations and to equilibria 
involving complex ions. This is followed by a valuable discussion of the modern theory of 
electrolytic dissociation. The theory of Debye and Htickel is presented in some detail in 
relation to the determination of activity coefficients and the variation of ionic mobilities 
with concentration. In the discussion of evidence supporting the theory it is satisfactory 
to find reference to recent work on heats of dilution and on conductances with high fre¬ 
quency and high voltage currents. In this connexion, however, a more detailed considera¬ 
tion of the results of measurements of the conductance of non-aqueous solutions would have 
been welcome, and further attention might have been given to attempts to calculate the 
true dissociation constants of intermediate and strong electrolytes. 

The next five chapters are given over to such matters as the strengths of acids and bsises, 
hydrolysis, pH changes in neutralisation processes, buffer action, indicators, and amphoteric 
electrolytes. Although most of these subjects are generally discussed fairly fully in text¬ 
books of physical chemistry, it is naturally an advantage to have them reconsidered in the 
light of the modern dissociation theory and set out as part of the general scheme of an 
electrochemical treatise. 

The subject of electrode equilibria and reversible electrode processes commences at 
about the middle of the book and occupies the next 112 pages. Special mention should be 
made of sections dealing with the calculation and elimination of liquid junction potentials, 
the problem of the determination of absolute electrode potentials, and the question of the 
origin of potential differences in a voltaic cell. On the practical side due consideration is 
given to the use of quinhydrone, glass, oxide, and controlled oxygen electrodes and to the 
principles of electrometric titration. 

The last 95 pages of the text are devoted to irreversible electrode phenomena. In view 
of the very inadequate treatment which this branch of the subject generally receives in 
books on physical chemistry, a larger proportion of the available space could have been 
allotted to it with advantage. A general introductory chapter is followed by articles on 
hydrogen overvoltage and the polarisation accompanying metal deposition. The latter 
contains a discussion of the conditions for the deposition of alloys, an account of work on 
the mercury dropping cathode, and an examination of the factors which determine throwing 
power and the physical condition of cathodic metal deposits. The following chapter on 
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anodic polarisation includes sections dealing with the anodic dissolution of alloys, passivity, 
anodic overvoltages, and valve electrodes, but no reference is made to anodic polymerisation 
processes such as the formation of persulphate. The book concludes with an account of 
electrolytic depolarisation, in connexion with which a useful summary of the theory of 
metallic corrosion is presented, but the depolarisation processes which occur in primary 
cells receive no attention. 

In compiling this volume the author has evidently made a very careful survey of the 
overwhelmingly extensive literature of the subject and he is to be particularly congratulated 
on the way in which he has selected and arranged his material. The results and conclusions 
of the earlier workers have been brought into line with modern views, and those portions 
of the subject which have tended to develop on independent lines have been kept in proper 
perspective and brought into relation with the w^hole. The fundamental principles are 
clearly brought out and the treatment of controversial matters is critical but unprejudiced. 
Special attention is given throughout to an examination of the principles underlying prac¬ 
tical methods for the determination of electrochemical quantities. 

The exposition is admirably clear and is supplemented by tables of reliable modern data 
and by commendably simple diagrams. Particular mention must be made of the very 
numerous references to the literature which form a valua})le feature of the book. Author 
and subject indices are appended. In conclusion it should be said that this is a thoroughly 
good book which can be recommended with confidence to all who are interested in any 
aspects of the electrochemistry of solutions. 11 . J. T. Ellingham 


Katalyse vom Standpunkt der chemischen Kinetik. By Georg-Maria Schwab. 34 X 10 
cm: pp. viii -f- 349 . Berlin Julius Springer^ 1931 . Price' 18.60 marks: cloth hound 19.80 
marks. The author of this volume is to be heartily congratulated in having achieved the 
difficult task of presenting the modern theories of chemical reaction and of the effects of 
catalysts both homogeneous and heterogeneous in a readable form. The majority of books 
on this subject are, unfortunately, modciled closely on the lines of “Mrs. Beeton.’^ On the 
other hand, in the few books purporting to give theoretical treatments, the personal views 
of the writer are sometimes unduly prominent. The volume is divided into three principal 
sections: homogeneous catalysis in gases, catalysis in liquids and heterogeneous reactions. 
Whilst all sections are good, it is only natural since Dr. Schwab is an authority on heterogen¬ 
eous reactions that the third section is somewhat more complete than the other two. 

In the first section, consideration of simple gas reactions leads up to an account of chain 
reactions; the former would be more complete if the interesting work of Rice and more 
especially of Kassel had been included. The possibility that many of the pseudo-unimolecu- 
lar reactions are chain reactions, possibly short ones, is a consideration that should not be 
overlooked. 

In discussing the chain reactions, an account is given of the effect of water in carbon 
monoxide combustion, of the theories proposed for the hydrogen chlorine reaction and the 
work of Semenoff on the propagation of chains and the formation of branching chains. The 
influence of the walls of the vessel in breaking chains and of inert gases in lengthening the 
chain by retardation of the diffusion process exemplifies well two different types of catalytic 
action. The specific effects of the walls of the vessel in chain reactions are dealt with in a 
later section, pp. 213-219, w^here some attention is given to a frequently neglected aspect of 
chain reactions, namely the commencement of chains or the formation of a chain link at the 
walls. Solid surfaces can initiate as well as stop chains and in certain oxidation processes 
at least specificity of particular solid surfaces for starting or stopping chains is different. 
In discussing induction periods where intermediate compounds are formed and chains in¬ 
volving oxidation processes, the author cites both the Plaber radical theory as well as the 
“peroxide*’ theory. Whilst it is possible that the reaction involving peroxide formation 
may emerge into the radical chain at higher temperatures, the recent work of Bone on the 
oxidation of methane is not readily intelligible on either of these hypotheses. It is indeed 
possible that the induction period in this case is due to the removal of a poison from the 
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walls, thus permitting of the starting of the chains. The induction period due to oxygen 
both in the chemical dissociation of hydrogen at a tungsten surface and in the hydrogenation 
of ethylene at a nickel surface being well known examples. 

In the second section, catalysis in solution is dealt with, pp. 51-132. Attention is first 
given to the remarkable effect of mixtures of iron and copper salts on the persulphate iodide 
and the hydrogen peroxide iodide reactions. It would be of interest to examine whether 
these catalysts started chains in these reactions and whether the catalysts were adsorbed 
in the walls of the vessel. This section is followed by consideration of ionic catalysis lead¬ 
ing up to the work of Lowry, Bjerrum and Bronsted. The work of Orton on the chloramine 
transformation has showm that the postulates given on pp. 83-84 are invalid. Some ten pages 
are devoted to consideration of the influence of the solvent on the reaction velocity; the 
work of Richardson and Soper might well have been included. The section concludes with a 
discussion on negative catalysis in homogeneous solution, where examples are given of two 
types of inhibition, removal of a positive catalyst and the breaking of a reaction chain, as 
shown by Backstrom in autoxidative processes. 

In the section on heterogeneous reaction, attention is first drawn to the current views 
on the adsorption of gases, and the information which the heats of adsorption can give us 
on the nature of the adsorption process. From these considerations the formal classification 
of catalytic reactions as two-dimensional gas reactions is developed and examples of each 
type are given. This is followed by considerations of selective catalysis, poisons the nature 
of the catalytic surface and the influence of promoters. There have been at least three 
different views exjjressed as to the nature of the active portions of a catalyst. According 
to Taylor, partly isolated atoms perform the function of an active spot. The reviewer has 
always held the opinion that the edges and corners were more reactive than the planes and 
that a group of atoms and not a single atom was necessary for catalytic action. Balandin 
believes that groups of atoms in certain particular configurations characterise the active 
patches. These three views have in recent years received their various protagonists. The 
evidence for the existence of active spots is based primarily on the effect of poisons on re¬ 
action velocity; secondly, on the supposed anomalies in the heats of adsorption and thirdly, 
on calculations on the reaction velocity. Now there is little doubt that in many reactions 
the whole surface is catalytically active, e.g. in the dissociation of many gases on filaments. 
These reactions can be divided into two classes; those where adsorption takes place prior 
to reaction and those in which the ordinary kinetic collision theory accounts satisfactorily 
for the rate. The heats of adsorption on metals reveal the fact that potential energy stored 
up in the metal may be released as heat on adsorption of a gas and do not point conclusively 
to especially catalytically active atoms possessing high heats of adsorption. We are left, 
therefore, with poisons as the ultimate criterion of the existence of active spots. If the 
catalyst consists in reality of couples such as are formed in carbon containing traces of iron 
where for many reactions the catalyst is the carbon-iron system, the influence of small 
traces of poisons is readily intelligible. It is difficult to avoid the conclusion as to the exist¬ 
ence of active spots in a pure catalyst such as copper or nickel unless we assume that the 
potential field over large areas can be modified by the presence of a poison and that the 
catalytic activity is dependent on the potential field. The author subscribes to the active 
patch hypothesis in the form of the edges and corners and believes that two-dimensional 
gas reactions take place at these places. It is by no means certain that catalysis can only 
take place, e.g. between hydrogen and ethylene at a nickel surface w'here both the hydrogen 
and ethylene are mobile in the adsorbed layer. We know that reaction can take place at 
very low temperatures and although the evidence from Rupp's work is at present very 
slender, it is most probable that neither the ethylene nor even the hydrogen is mobile, under 
these conditions. The volume concludes with a brief discussion on raicroheterogeneous and 
biochemical catalysts which scarcely does credit to the rest of the book. 

Dr. Schwab's book is really an excellent one and the reviewer can cordially recommend 
it to anyone who is even but slightly interested in problems of reaction velocity. 

Eric Keighiky Rideal 
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Die Katalyse. Die Rolle der Katalyae in der analytischen Chemie. (Catalysis. The 
R 6 le of Catalysis in Analytical Chemistry). By Gertrud Woker. Special Section 11 ^ second 
division: Biological Catalysts. Second half : Respiratory Ferments, 25 X 16 cm; pp. xix -h 
592 . Stuttgart: Ferdinand Enke^ 1931 . Price * 76 marks; hound 79 marks. This is the fourth 
volume of a series devoted to the r61e of catalysis in analytical chemistry of which the first 
appeared in 1910 with a series of general catal3rtic principles, the second in 1915 devoted to 
inorganic catalysts. The second division of the subject in its special features was to include 
not only the inorganic catalysts but also the biological catalysts. This latter subject proved 
to be so comprehensive that it was found necessary to subdivide it still further. Hence in 
1924, the first half, devoted to hydrolytic ferments, was published. The second half, which 
deals with fermentation processes yielding alcohol and with the oxidation reactions in which 
enzymes intervene, has now become available. A monumental work comprising in all some 
six hundred pages is devoted to these latter problems. 

The book possesses both the advantages and disadvantages of its size and the extended 
period of time over which it has been produced. In the preface, attention is called to the 
fact that the approach to the fermentation problem is somewhat different from that which 
would have been used had it been written after the sections on the oxidation reactions. In 
the time consumed in the preparation of these latter chapters, the progress in the field of 
alcoholic fermentation, especially, in the author^s opinion, that due to Neuberg, has been so 
great as to justify other methods of approach than those used. The reviewer sees in such 
difficulties additional justification for the increasingly popular policy of small monographs, 
rapidly written, dealing with small islands of knowledge in the whole archipelago. Those 
however, who prefer to have at hand, in one volume, a detailed and comprehensive treat¬ 
ment of the subject with all the various points-of-view set forth in extensoy will welcome 
this additional volume. 

It would require a reviewer of an entirely different orientation in the subject of catalysis 
to give a critical verdict on the detailed sections of this book. It can, however, be affirmed 
with how great interest the various achievements in the field of these fermentation proc¬ 
esses have been follow’ed and with what respect the record of the penetration into the 
difficulties of the problem has been received. Here is a comprehensive statement of the 
chemistry of fermentation, the normal and abnormal reactions that may occur, the fates of 
the various raw materials, the stimulation of the various processes and the mechanism of 
such. This is followed by a similar extended treatment of oxidation processes produced by 
enzymes and by inorganic systems which may serve as ferment models. At all times con¬ 
siderable sections are devoted to the preparative side of the subject and to the analytical 
technique involved in such work. The book, while doubtless of small expected distribution 
among individual workers, should be available on all library shelves, technical and educa¬ 
tional, where the problems of enzyme action as well as their analytical control ore a matter 
of concern. 

Hugh S. Taylor 

Gmelins Handbuch der anorganischen Chemie. Edited by Deutsche chernische 
Gesellschajt. Eighth edition. 25 X 18 cm; (a) System-number 8 . Serial No. 1 . Iodine, pp. 2 Ji 4 . 
Price: 37 marks, (h) System-number 45 . Germanium, pp. 62 . Price: 13 marks, (c) System- 
number 69 . Part B, Serial No. 4 - Iron. pp. 667 - 872 . Price: 35 marks. Berlin: Verlag 
Chemie, W 3 t. The three parts of the new edition of Gmelin’s comprehensive treatise 
noticed above carry the publication of this work a further step forward and continue the 
tradition of its exhaustive character. The text comprises a series of short sentences, fol¬ 
lowed by the references to the literature, the use of abbreviations contributing to the ex¬ 
treme brevity of style. The work as a whole is not readable in the usual sense, and aims at 
providing for inorganic chemistry what Beilstein’s treatise does for organic chemistry. 
None of the parts noticed is complete in itself, and the issue of a large number of odd in- 
incomplete parts in this way, unavoidable when many authors are at work on different 
parts of the whole book, makes it impossible to review the work in the ordinary sense of 
the word. 
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. The section on iodine (No. 8) deals with the element, its preparation and properties, 
including solutions and complexes, and analysis. The section on germanium (No. 45) in¬ 
cludes germanium and its compounds as far as germanium and aluminium. The section on 
iron (No. 59, B, 4) deals with iron ferrocyanides and ferricyanides; the nitroprussides; iron 
thiocyanates, silicates, compounds with oxy-acids of phosphorus, arsenic, and antimony; 
compounds with chlorides and cyanides of bismuth; general reactions of iron salts, including 
the interconversion of ferrous and ferric iron and autoxidation, and the beginning of oxida¬ 
tion and reduction cells. This volume, therefore, includes a number of matters of general 
interest. 

It is impossible, in the case of a work of this character, to do more than say that an im¬ 
pression of most detailed and exhaustive treatment was obtained. The great care which is 
taken by the editors and those responsible for the text to make the work absolutely accurate 
and exhaustive must be known to those who have used the volumes previously published. 
The original literature has clearly been consulted, and the great labour necessary in the 
preparation of such a work should command the gratitude of chemists. When this monu¬ 
mental work is completed (if it is completed before another edition is begun, a failing which 
sometimes has appeared in the past in the case of large German chemical treatises) it will 
form an indispensable source of reference vrhich should be available in large libraries. The 
great expense of the work will be realised when it is stated that the seven parts of the number 
dealing with iron w^hich have so far been issued are priced at 223.5 Marks and still leave 
the chemistry of the element in an incomplete state. 

J. R. Partington 

Strukturbericht 1913-1928. By P. P. Ewald and C. Hermann. 21 ^. X 16 cm.; pp. in -f 
818 . Leipzig: Akademische Verlagsgesellschaftt 1931 . Price: marks^ cloth 47 marks. 

This is a critical and ordered siu*vey of all the crystal structures examined by means of X-ray 
methods and published between the years 1913 and 1928, with many additional abstracts of 
important papers up to February, 1931. It is typically Teutonic in its comprehensiveness. 
Only the specialist can fully realise the immense amount of work, much of it routine in 
character, that has gone to its compilation. The usefulness of the book will, however, be 
aj)parent to all w^ho ever need to refer to X-ray work on crystals. It should have a place on 
the bookshelf of the X-ray worker, crystallographer, metallurgist and chemist; all of w’hom 
will find it a most valuable w'ork of reference, even if they have little or no knowledge of 
German. 

All substances about wdiich any structural (X-ray) information is available, are grouped 
according to their chemical formulae. The system adopted is similar to that found in the 
Handbuch der Physik (24, Kap. 4, Berlin, 1027) and in the supplementary volume to 
Landolt-Bornstein, although it is somewhat differently defined. The main divisions are 
as follows: elements, inorganic compounds of formula AB, AB2, A^Bp, etc., alloys (i.e. 
metallic compounds) and organic compounds. The authors evidently intended originally to 
have included a section on mixed crystals, but this was not carried out. Each section is 
introduced by a description of the ‘types’ of crystal structure found among the substances 
in that division, following w^hich comes an exhaustive series of abstracts of all the published 
X-ray w'ork on those substances. 

The preliminary descriptions of the various ‘types’ are likely to be understood only by 
those readers having some knowledge of mathematical crystallography, but numerous 
diagrams (276 in all) are included which are largely self-explanatory. 

The abstracts which follow^ are exceptionally good, both in substance and in scope. 
They include results not only from the rarer periodicals, but also from dissertations w hich 
are not easily accessible to the general reader. Each abstract embodies primarily the re¬ 
sults as given by the author of the paper referred to; where comments are added by the re¬ 
viewers (the authors of the book), these comments are in italics. The comments occasion¬ 
ally involve a correction or even contradiction of the publication itself in the light of later 
research; they correlate the various investigations on each substance and frequently give 
the results of further calculations based on the experimental observations. In our opinion, 
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these abstracts form the most valuable part of the book. A reader wishing, for instance, to 
know what X-ray work has been done on the various forms of Si02 will find references to, 
and summaries of, no less than 25 papers, briefly compared and co-ordinated. 

The section on alloys occupies some 120 pages, and deals with 83 different metallic 
compounds, being illustrated by a large number of phase-diagrams and other figures. 

The ‘Strukturbericht’ was originally published in serial parts, as a supplement to the 
Zeitschr. f. Krist., and this method of publication has enabled a large number of printer's 
and other errors to be detected. Unfortunately it has not, apparently, been possible to 
reset the type, the list of corrections (still not quite complete) being given at the end of the 
text. Excellent indexes make it easy to find any particular reference, whether to author, 
substance or crystal type. K. Lonsdale, 

Physical Science. By Herbert Brownell. 2 S X 16 an; pp. xlv -}- SIS. New York and 
London: McGran^Hill Book Company, 19 S 1 . Price: $ 2 . 50 . “This book makes free use of 
subject matter from all fields of physical science, but no detailed study is made in any single 
field. Its material and the manner of its use have to do mostly with scientific interpreta¬ 
tions of phenomena common in the experiences of life. The theories and the language of 
science are freely employed, however, for a better comprehension and closer correlation of 
these phenomena. 

“The distinctions commonly observed in college textbooks between the different sciences 
are here very generally disregarded. The author has considered himself free of the re¬ 
straints necessarily imposed when teaching a specialized science, particularly with regard to 
the sequence of topics and the fullness of details. Emphasis is placed upon the importance 
of acquiring definite meanings for the scientific terms used rather than a mere mastery of 
words and phrases,’' p. v. 

The chapters are entitled; the nature of heat and of heat transmission; vaporization and 
condensation, and the heat of vaporization; properties of air,.air pressure, and some applica¬ 
tions of air pressure; highs and lows in relation to weather, and relation of weather to human 
welfare; rotation and revolution of the earth; the moon; time and timekeeping; the stars, 
and other celestial bodies, and studies of constellations; earth structure and geological 
history—rocks, minerals, and soil materials; metals and ores, coal and petroleum; structure 
of matter and properties of botlies; matter in motion and the significance of the term 
energy; energy as the correlating factor in science studies and the relationships of force, 
energy, and work; the nature of light and of color phenomena, and radiant energy; radiations 
as electrical phenomena, and radioactivity; changes in matter involving a change in sub¬ 
stances; achievements of chemists of great importance to us as contributions to our daily life; 
achievements of science, and what science cannot do; social aims in science teaching and 
science in education. 

There is a very interesting picture, p. 91, showing the apparent difference in diameter 
of the sun as viewed at perihelion and at aphelion. “It is estimated that more than 63,000,- 
000 tons of plant food-material are lost annually from the lands of the United States by soil 
wash in a total soil erosion of 750,000,000 tons. This loss of plant food is twenty-one times 
the amount removed annually by plant growth,” p. 104. 

“Rivers, like the Missouri and the Mississippi, have their waters laden with soil washed 
from land surfaces in their basins, and this earth is almost wholly lost as available produc¬ 
tive soil. A similar process, continued through longer periods in some parts of the world, 
such as northern China, has resulted in large areas of once productive land unfit now for 
tillage, and for agricultural purposes generally. In the arid and semi-arid regions of the 
United States large areas of land have been brought into use for crop production as the re¬ 
sult of irrigation. But this does not make good the annual losses from erosion of hillsides 
and the washing away of their most fertile portions—a deplorable waste of the wealth of 
the nation. Upon the productiveness of the soil the present prosperity of any people, as 
well as the future greatness of their country is dependent. An impoverishment of soil 
fertility, on the one hand, and irreparable losses of soils, on the other hand, are national 
calamities. The rate of soil production may be, possibly, one foot in 10,000 years. Hence 
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the surface wastage ought not to be more than one inch in a thousand years. Wastage of 
fertile soils is practically irreparable. *Worn-out soils/ agriculturally speaking, are largely 
the result of the washing away of the top of the soil, rather than an exhaustion of the plant 
food from the soil by repeated cropping. Productiveness of soils may be maintained 
through centuries of fanning if serious washing and erosion are prevented. Many of the 
most fertile soils of the rolling prairie and timbered lands of the state of Missouri have been 
kept in corn, and subjected to soil washing, until clay spots are in evidence on nearly every 
hillside,” p. 105. 

“The vast water tonnage passing through the ‘Soo Canal’ which connects Lake Superior 
and Lake Huron far exceeds the amount that passes through the Suez Canal. Much of 
this traffic is iron ore from the northern Minnesota region en route to the blast furnaces of 
lake ports such as Milwaukee, South Chicago, Detroit, and Cleveland, which are among the 
world’s great centers of iron and steel manufacture. Return cargoes of coal for the upper 
lake region swell the volume of an enormous lake traffic. The manufacture of iron and steel 
is so vitally connected with national life and prosperity, and a general understanding of the 
operations involved in the production of commercial iron is so readly acquired, that informa¬ 
tion concerned with the preparation of iron from its ores need not wait imtil chemistry is 
studied,” p. 129. 

“When a horse pulls forward upon a cart to move it, in a very real sense the cart pulls 
backward with equal force. How, then, can any locomotion be accounted for? Such is an 
old ‘puzzle’ propounded by teachers of physics. The fact that at the same time when the 
pulls are exerted the horse pushes against the ground beneath its feet becomes painfully 
apparent in cases when by reason of icy pavements this reaction from the pavement is 
lacking. A corresponding thrust forward upon the horse from the ground occurs. 

“The greater the push exerted when jumping, the greater the value of the forward 
motion of the jumper. To jump from an unmoored boat or from the seat of a swing invites 
disaster because a forward push is lacking in either case,” p. 158. 

“Even as late as 1922, automobiles were ‘finished’ with varnishes and enamels which 
hardened by oxidation, requiring two or three weeks time to become dry and hard. Now, 
by use of nitro-cellulose and lacquers, the time required for the same kind of finishing has 
been cut to a few days only, sometimes two days or less. 

“Nitro-cellulose (such as gun-cotton, pyroxylin, and collodion) has long been known. 
But only in the recent past has nitro-cellulose, fluid enough to be used as a spray, come into 
use. These solutions dry rapidly by evaporation. Some of the solvents employed are: 

‘ ^ r. Amyl acetate (‘banana oil’) now made synthetically from a component of natural gas. 

“2. Butanol, produced by bacterial fermentation of corn mash under strict bacterio¬ 
logical control. 

“3. Cellosolve, made from a gaseous product of the cracking of petroleum. None of 
t hese are coal-tar derivatives. But toluene and xylene, used in diluting these solutions, are 
of coal-tar origin,” p. 227. 

The author has an unfortunate way of not saying exactly what he means. “A solar 
eclipse at any one place is a rare event,” p. 72. “Marble, as calcium carbonate largely free 
of impurities, would seem to have been subjected to enough heat due to pressure to meta¬ 
morphose the rock, fusing the particles into a fine-grained mass,” p. 124. “Bricks made 
from clay free of iron compounds are of a light-yellow color,” p. 128. “The phenomenon of 
solution is so commonplace that in a case where sugar disappears in hot water, with an al¬ 
most complete disappearance of its volume, little or no thought is given to an explanation 
of the occurrence,” p. 148. “The ‘sparkle’ of diamonds is due not only to reflection ot 
light from their outer surfaces but to light which, having entered the cut surfaces, ex¬ 
periences repeated reflections within the stone before emerging,” p. 152. “Providing the 
force of adhesion remains unchanged, then the less the density of a liquid the higher it will 
be raised [in a capillary tube],” p. 154. “Some insects and other animals apparently per¬ 
ceive sounds of higher frequency or, it may be, of lower frequency than are audible to man,” 
p. 162. “Calcium cyanamide is made from calcium carbide,” p. 177. “In the electrolytic 
preparation of aluminum, oxygen is liberated at the anode rods which are slowly consumed 
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by the action of the oxygen/^ p. 215. ‘^Hydrogen is freed at the cathode plate of the 
storage cell, and oxygen at the anode. . . . The oxygen liberated at the anode converts 
the PbO into Pb02 (lead dioxide). The hydrogen at the cathode abstracts oxygen from the 
PbO there (reduces it), leaving the lead from the former oxide in a spongy condition. . . . 
When the storage battery is put into circuit as a source of electrical energy, a chemical 
change occurs in a reversed order,” p. 216. ‘‘Collodion, forced through capillary glass 
tubes, becomes at once solidified into threads of cellulose when acted upon by water (which 
dissolves the ether or the alcohol),” p. 226. 

The reviewer regrets that the author should have seen fit to adopt the hypothesis of 
amorphous metals when discussing crystal fracture, p. 33. It is difficult to see the advantage 
in telling the student sometliing that is not true, merely because it can be made to sound 
plausible. 

It is hard to lay one’s finger on what is wrong with this book. To the reviewer it is not 
interesting. Either the author has not seen his subject as a whole or his command of 
English is not adequate. The book is really a collection of isolated facts, which is not the 
impression it should produce. Wilder D. Bancroft 

Constitution et Thermochimie des Molecules. By A, and M. Gosselin. 25 y. 17 cm; 
pp. vii + 231 . Paris: Les Presses IJniversiiaires de France^ 1930 . Price: 4O francs. The 
doctrine of valency and the theory of chemical structure have been the grammar of organic 
chemistry for decades; the developments that have followed from the work of Werner and 
which have given us, from the hands of G. N. Lewis, Sidgwick and others the modern 
electrical theory of valency, have widened and strengthened the original fundamental con¬ 
ceptions of valency theory. Nevertheless, MM. Gosselin ask us to set aside structural 
chemistry as we know it for a system which they describe as general (p. 25) but which has 
nothing to say on the subject of benzene theory and which apparently requires us to abandon 
the whole of stereochemistry. According to MM. Gosselin, molecules arc held together by 
certain central atoms, which attach to themselves other atoms and molecules—particularly 
molecules—by the operation of two forces, the one electrical and the other “chemical,” 
which is described in a phrase that has an almost mediaeval ring—liaisons ofi intervient la 
force chimique, (p. 75). For example, formic acid is represented (p. loi) by C0.(H20) and 
the evidence quoted in support is that the acid is readily dehydrated into water and carbon 
monoxide. But they omit to mention that, in other circumstances, it is just as readily de¬ 
composed into hydrogen and carbon dioxide. Again, the alcohols are written R.CHa. (H2O) 
and are supposed to contain water molecules as such because water is removed by dehydrat¬ 
ing agents. But hot copper will liberate hydrogen from ethyl alcohol to give acetaldehyde. 
These examples are enough to illustrate the most obvious fallacy that underlies the author’s 
“system. Except perhaps in the case of ionic reactions, knowledge of the initial step in the 
reaction of a molecule generally eludes us, owing to the fact that so few reactions are really 
homogeneous. But MM. Gosselin make no attempt to ascertain the first step, being con¬ 
tent to draw their inferences as to molecular compositions from the end products of the 
most drastic molecular treatment. 

The latter half of the book is devoted to an application of thermochemical data to the 
ideas of molecular structure developed in the first part. Seeing that the heat of formation 
of an interatomic linkage is a constant and additive quantity, it is not surprising that the 
heats of formation of the authors’ molecules can be calculated from atomic and molecular 
constants, especially when it is borne in mind that the heat value of the C-C link is not very 
different from that of the H-H link. A considerable amount of useful thermal data is to be 
found in this part of the book. 

In conclusion one example may be quoted of the way in which the authors use the 
physical data that are germane to their subject. Their formulae for methane and carbon 
tetrachloride are CH2.(H2) and CCl2.(Cl2); on their view methane should be electrically 
asymmetric and is quoted as being so (p. 114), the recent proof that methane has no dipole 
moment being ignored. On the other hand, carbon tetrachloride, well known to be non¬ 
polar, should be as electrically asymmetrical as methane; but this fact is not mentioned. 

D. LL Hammick 
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Recent Advances in Analytical Chemistry. By C, A, Mitchell^ asfdsted by nine contribu¬ 
tors. Vol. //, Inorganic Chemistry. 20 X iS cm; pp. xvi -f 4 ^ 2 . Philadelphia: P. Blaki- 
stones Son and Co., 1931 . Price $ 3 . 50 . This is the second of two volumes written to present 
in easily accessible form the latest information concerning analytical chemistry. This 
volume on inorganic analysis is devoted to the determination of hydrogen ion concentration; 
the detection and determination of lead, bismuth, mercury, copper, cadmium, arsenic, 
antimony, tin, selenium, tellurium, platinum and its congeners, iron, chromium, aluminum, 
beryllium, the constituents of steel, carbon, silicon, cerium and the rare earth metals, 
titanium, zirconium, thorium, germanium, vanadium, niobium, tantalum, cobalt, nickel, 
maganese, zinc, molybdenum, tungsten, uranium, magnesium, and the rarer alkali metals; 
qualitative and quantitative microchemistry and water and sewage analysis. Each chapter 
has been written by a contributor with special knowledge of the subject. 

‘The classification of analytical methods under the headings of Organic and Inorganic 
Chemistry is necessarily somewhat arbitrary, since certain subjects, such as gas analysis, 
do not strictly speaking come under either heading. Microchemical analysis, which during 
the period under review has developed into a separate branch of analytical chemistry, also 
requires a group to itself, for it comprises organic, inorganic and physical methods. Again, 
the analysis of water and sewage has been included under Inorganic Analysis, although its 
results have now to be interpreted with reference to biological considerations. 

“In the sections dealing with the more common metals, it w’as not possible to adhere 
strictly to the plan adopted in Volume I, of giving working details ot new methods, for the 
work of the last ten years has been so voluminous that space would not allow of more than 
a critical survey of it, with copious references to the original papers. 

The information is exceptionally well presented beginning with a general survey of the 
type of advance which has been made during recent years. This is followed by a detailed 
account of the spe(‘ific work done with references to the original literature and in many cases 
a critical discussion of the work, based on the author's own experience. The authors also 
point out the determinations which are not satisfactory and where more investigation is 
necessary. 

The book is well written, with very few errors and omissions, and together with Volume 
I [ J. Phys. Chem., 35, 2464 (1931)] can be very highly recommended as a useful addition 
to the library of anyone interested in Analytical Chemistry. 

M. L. Nichols 

Electron Physics. By J. Barton Hoag. 23 X 15 cm; pp. 212 . London: Chapman and 
Hall, 1930 . Price: 15 shillings. This book is a welcome addition to the very short list of 
books which can make a real appeal to the experimentalist in either physics or physical 
chemistry. For it contains not only a brief but clear account of the more common properties 
of ionising particles and radiations but describes a number of the more important and 
fundamental exijeriments which are carried out in the laboratory just before a student 
embarks upon research. In these descriptions many important practical details are given 
which usually have to be learnt from experience and bitter experience at that. Included in 
the volume we find descriptions for the determination of e/m for the electron, experiments 
on thermionic and vacuum tube electron emission, on the properties of a, /3 and y rays and 
of radioactive substances. What to many may prove the most valuable portion of the book 
are the appendices on electrometers, electroscopes, vacuum technique and pressure gauges. 
As is frequently the case in American books, the terminology at times, whilst probably 
correct English, sounds a little strange on this side of the Atlantic, such as “hook up the 
apparatus" p. 22. A few corrections, chiefly in the chemistry, might well be made in a 
future edition in such sentences as “consider now a cubical crystal of rock salt, with alternate 
sodium and chlorine atoms at the corners" (p. 14), or “the gases found most suitable . . . 
are methyl iodide, methyl bromide and argon" p. 109. A number of problems as well as 
tables of fundamental constants are collected at the end of the book, which is well printed 
and suitably bound. 


Brie K. Bideal. 
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Handbook of Chemical Microscopy. By E, M. Chamot and C, W, Mason. Vol. /. 
Principles and Use of Microscopes and AccessorieSf Physical Methods, 23 X 15 cm: pp, 
xiii + 474, New York: John Wiley and Sons^ 1930 . Price. $ 4 . 50 . Although based on 
Chamot’s well-known textbook, “Elementary Chemical Microscopy,” 1915, “the present 
work has been entirely rewritten, and expanded in all sections. The optical principles of 
the microscope have been presented in some detail, as a preliminary to the discussions of 
the special technique of illumination, photomicrography, and ultramicroscopy. The factors 
underlying the interpretation of appearances in microscopic objects are formulated in general 
terms, as is the discussion of the jiroperties of doubly refractive material, in order that they 
may lend themselves to application in vtmous fields of microscopy. In line with the widen¬ 
ing applications of crystallographic principles, their fundamental concepts are exemplified 
by numerous experiments which have been devised primarily from the point of view of 
the chemist.” 

“Much of the material here compiled and discussed for the first time in book form is of 
paramount importance to all microscopists whether they are workers in the biological or in 
the physical sciences.” 

In addition to the wealth of material included, the book is replete with references to the 
original literature and the appendix contains a two-page biography of textbooks on applied 
chemical microscopy which are particularly useful for the application of microscopy to 
special fields. A synopsis of the laboratory experiments in the study of introductory 
chemical microscopy at Cornell University is also included. 

The book is very well written and should be a great help to all those having any oc(*asioii 
to use a microscope. 

M. L. Nichols. 


Handbook of Chemical Microscopy. By E. M. Chamot and C. ir. Mason. Vol II 
Chemical Methods and Inorganic Qualitative Analysis. 23 ‘ X 15 cm; pp. ix 411 - 
York: John Wtley and Sons^ 1981 . Puce: $ 4 . 50 . “It is the aim of Volume II of this Hand¬ 
book to describe the essential manipulative methods in detail and to present a compilation 
of the most dependable tests for the inorganic cations and anions.” 

In the selection of the tests and methods discussed, the authors have fortunately been 
guided more by the applicability of the tests to the analysis of complex mixtures, the cer¬ 
tainty of the results obtained and the ease of manipulation, than by the sensitivity of the 
reaction. 

“Numerous interesting ^micro’ reactions are omitted, either because they are suitable* 
only as identity tests on substantially pure substances and are of little use in mixtures of 
various unknown materials, or because they require a more precise control of concentrations, 
acidity, temperature, etc., than is practicable in a single drop of unknown composition on a 
microscope slide. In other words, with few exceptions reactions have been included only 
if they will yield results under almost any conditions and in almost any circumstances.” 
Tests requiring specual apparatus, color reactions and spot tests have largely been omitted. 

“In response to repeated requests, photomicrographs of most of the common and useful 
tests have been included, not without some misgivings, for the authors believe that the mere 
examination of pictures will not take the place of the preparation and direct study of actual 
tests.” 

The book includes a discussion of manipulative methods of a general character, the 
handling of small amounts of materials, methods of applying reagents in microscopic 
qualitative analysis, the detection of the elements arranged according to the grouping of t he 
periodic system, the detection of anions, special reagents yielding reactions with a number ot 
cations, and the qualitative analysis of material of unknown composition. 

This book, like Volume I, is very well written and the set comprises an indispiensable 
reference work for the microchemical analyst. 


M. L, Nichols. 
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BY H. BECKETT LANG* AND JOHN A. PATERSON** 

The problem of the Dementia Praecox, Manic Depressive and Epileptic 
psychoses is a very serious one and any explanation tending toward a more 
accurate diagnostic and therapeutic approach requires earnest consideration. 
They are the three large groups of functional mental disorders. Many studies 
have been made as to the etiology, therapy and pathology, with bitterly dis¬ 
appointing results at times, though progress has been made. The present 
diagnostic classification is based partly on etiology and partly on behavior 
reaction. The larger groups of mental cases admitted to State Hospitals are 
of the so-called functional disorders. This study was made to determine 
whether further clarification as to diagnosis could be achieved. 

Bancroft and Richter^ have made the suggestion that “many of the 
functional disorders may be nothing more than an abnormal degree of disper¬ 
sion of the nerve colloids and have been classified erroneously as ^functionaF 
due to the inability of the histological technique to reveal the colloidal 
abnormalities.” This abnormal state may be either over-peptization or 
agglomeration. They review the work of many authors showing that studies 
have been made both with agglomerating and peptizing agents, though not 
systematically or consciously. They draw the conclusion that “disorders of 
dispersion may be benefited by coagulating agents, and disorders of decreased 
dispersion would be improved by peptizing agents.” 

They conclude that catatonia involves over-dispersion while in epilepsy 
there is a decreased state of dispersion. They discuss sodium amytal as a 
coagulating agent and sodium rhodanate,- (NaCNS) as an example of the 
peptizing group, which also includes iodides and bromides. In another paper 
Bancroft and Rutzler*** have discussed the action of these compounds in more 
detail. 

Our work was begun at the suggestion of Professor Bancroft, who drew 
our attention to the need for a study of the action of these drugs. His advice 
and criticism was utilized freely throughout the study. We are indebted to 
Mr. J. E. Rutzler, Jr. for advice and assistance as to preparation, dosage 
and administration of sodium rhodanate. Our problem was to determine 
whether clinical evidSnce could be found to support the views of Bancroft, 
Richter and Rutzler. No attempt was made to select cases: a number showed 

*M.B. F.A.C.P. Director of Clinical Psychiatry, Marcy State Hospital. 

**M.D. Assistant Physician Willard State Hospital. 

‘ Proc. Nat. Acad. Sci., 17, 294; J. Phys. Chem., 35, 1606 (1931). 

^ At the suggestion of Professor Bancroft we are using the term sodium rhodanate in¬ 
stead of sodium thiocyanate to prevent confusion with sodium thiosulphate and sodium 
cyanide. 

* Proc. Nat. Acad. Sci., 17, 186 (1931). 
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marked motor activity with impulsive assaultive tendencies; others were 
noisy and excited; some were depressed or stuporous. A few showed little 
abnormal motor behavior. Forty-six cases were studied under both drugs. 

Our method was to exhibit sodium amsrtal orally. The usual dose was 
0.4 grams in twenty-four hours; but a few cases were given 0.8 grams and a few 
others reacted well with 0.2 grams. Cases were tested for five days and a 
siunmary made of the behavior. Forty-eight hours were allowed to elapse 
in order to ensure complete elimination. The sodium rhodanate was started 
with a dosage of 0.3 grams twice daily by mouth. This was increased at the 
rate of 0.3 grams per day until the case was receiving 2 grams daily. One 
case was given as much as 4.6 grams per day for two days with no other 
result then an increase in stupor. It was found that, so far as diagnostic tests 
were concerned, a dose of one to two grams per day was quite sufficient and 
that the majority of cases would show reaction on one gram. 

We prefer the terms schizoid and cycloid reactions to dispersed or agglom¬ 
erated. The blood pressures are given because it has been suggested that the 
improvement in some cases might be due to the drop in blood pressure and 
not to the specific action of the sodium rhodanate. Our studies do not confirm 
this view. 

Case 1 

J. D; Male, aged twenty-eight, duration five years. 

Diagnosis: Dementia Praecox, Catatonic 
Behavior: 

Before—stupor, seclusive, untidy, refused to care for personal needs. 
No delusions or hallucinations. Blood pressure, 108/72. 

Sodium amytal intravenously, 0.5 grams in 10 cc iriple-distilled water. 
Blood pressure fell to 90/64, but soon recovered. Drowsy, no deep narcosis, 
awoke feeling refreshed, talked and smiled. 

Sodium amytal orally. Slow steady improvement. Asked for work; 
assisted in cleaning and polishing; fed himself; kept clothes neat, clean; in 
good contact with surroundings. 

Sodium rhodanate. Blood pressure fell to 90/60, confused stupor reaction. 
Very pale. Head bowed. No response, untidy and dirty. 

Sodium rhodanate stopped. Recovered so that he would obey slowly on 
command. 

Comment: This case is one in which the blood pressure fell to the same 
level with each drug and yet there was marked mental improvement with 
sodium amytal, while sodium rhodanate made his condition worse. 

This case illustrates excellently the arguments of Bancroft, Richter and 
Rutzler, as it reacted definitely to a coagulating agent and so belongs in the 
over-peptized or schizoid group. The treatment should be continued, using 
this type of drug; but must also be accompanied by other therapeutic aids. 
The mental picture shows predominance of schizoid characteristics with 
splitting of affect from ideational content (he has put away all feeling). 
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Case 2 

C. S. Male, aged fifty; duration eight months. 

Diagnosis: i. Alcoholic; 2. Apathy and Depression. 

Behavior: 

Before—shows stupor, depression, is negativistic, generally untidy but 
not dirty. Has to be coaxed to eat. Was fearful but could not give cause of 
this fear. 

Sodium amytal intravenously. Within three minutes showed slight rest¬ 
less movements; in four minutes he was talking distinctly and responded 
promptly to commands, was active and alert, later he became drowsy, slept 
normally and awoke refreshed. 

Sodium amytal orally. Became alert and interested, cared for person 
properly, slept well. 

Sodium amytal stopped. Stupor returned promptly but was no worse 
than before. 

Sodium rhodanate. Stupor was increased, was untidy, dirty, did not 
feed himself properly. 

Sodium rhodanate stopped. Returned to original state. 

Comment: This case was first diagnosed as alcoholic; but this was 
changed because of the results reported. When he was in the improved state, 
he described his depression as due to an unknown fear; he had the delusion 
that war was to occur all over the world. The schizoid tendencies predomi¬ 
nated. There is definite splitting of affect; behavior shows severe regression; 
therapeutic indications are for exhibition of coagulating agents. The test 
indicated that a condition of over-peptization existed and that our diagnosis 
should therefore be schizophrenia. 

Case 3 

F. P. Male, aged fifty-four, duration four months. 

Diagnosis: Manic Depressive, Manic. 

Behavior: 

Before—excited, confused, assaultive, no delusions or hallucinations. 

Sodium amytal, 0.2 grams by mouth. Became very excited, showed a 
deep nftircosis and then excitement. 

Sodium rhodanate. Became quiet, showed a slow improvement. Mental 
condition cleared, normal state recovered. Paroled home. 

Comment: We have in this individual one of the benign psychoses. He 
was extremely excited and his behavior was such that he required restraint. 
Cycloid tendencies predominated and there was no severe regression; be¬ 
havior and thought were in contact with reality. From previous experience 
we believe that this case would no doubt have improved in time, but it is 
felt that improvement was more rapid under rhodanate. We were therefore 
dealing with an agglomerated state. 
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Case 4 

W. M. Male, aged twenty-eight, duration one year six months. 

Diagnosis: Epilepsy. 

Behavior: 

Before—repeated convulsions, averaging twelve per month, with two 
clear periods which were followed by marked confusion, and disturbance of 
memory. Developed status epilepticus. 

Sodium amytal intravenously. Prompt sedation, slept twenty-four 
hours, mild confusion lasting three days. Disoriented. 

Sodium amytal orally. Confused, disoriented. 

Sodium rhodanate. Slow steady improvement, confusion cleared, no 
further convulsions. 

Comment: It is too soon to say that convulsive phenomena are controlled. 
His reaction to the dispersing agent places him in the agglomerated group. 
Therapeutic indication is for continued exhibition. 

Case 5 

M. S. Male, aged thirty-four, duration five years. 

Diagnosis: Dementia Praecox, Hebephrenic. 

Behavior: 

Before—excited, restless, untidy, noisy with an occasional clear time when 
he would speak English. At other times his productions were incoherent 
and in German, his childhood language. Blood pressure 110/68. 

Sodium rhodanate. Slow steady improvement. He requested his own 
clothes, talked in English coherently and has maintained this improvement 
for two months. Blood pressure. 102/72. 

Sodium amytal. Excited, stimulated, drowsy, short narcosis. Following 
this he was over-active, destructive. Showed many mannerisms, grimaces 
and fantastic poses; but, while he was in these bizarre attitudes that appeared 
catatonic-like, he only adopted them when he knew he was being observed. 
He enjoyed the effect of this behavior on others. This indicates the presence 
of a strong affect but mischievous in direction. 

Comment: This is an individual whose behavior reaction under amytal 
would be called Dementia Praecox Catatonia. Actually in his usual state 
the diagnosis has alternated between Dementia Praecox Hebephrenic and 
Manic Depressive Mixed according to the observer. This alternation in¬ 
dicates that we have here a case with marked schizoid tendencies; but that 
affect was not split off, and was still strong, and adapted to the situation at 
an adult level. 

The behavior under sodium rhodanate would, according to our experi¬ 
mental findings, place him in the agglomerated or cycloid group which cor¬ 
relates with the Manic Depressive classification. The prognostic indication 
should be hopeful. Therapy should consist of exhibition of peptizing agents. 
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Case 6 

C. P. Male, aged thirty-six, duration six years. 

Diagnosis: Dementia Praecox, Catatonic. 

Behavior: 

Before—excited, noisy, restless, resistive, mute for five years; appetite is 
good but sleep is usually disturbed. This man wrote on the wall that he 
defied us to make him speak. 

Sodium amytal intravenously. Sleepy, nodded in response to questions 
and spoke once. Narcosis of short duration, following which he was excited 
and required restraint to prevent injury. 

Sodium rhodanate. He was depressed, confused and irritable on large 
doses. On small repeated doses he began writing numerous letters which 
were logical to some extent but showed disturbed sentence structure. On 
the fourth day of administration he began to talk and was over-active and 
irritable. On the fifth day he was still over-active. He talked steadily. 
He showed flight of ideas. Conversation was rambling and irrelevant but co¬ 
herent and correct in choice of words and sentence structure. His ideas 
were in response to normal stimuli, and if they had not been so rambling and 
produced so fast (in other words a manic reaction), he would have been normal 
as to content and production of ideas. He ignored his personal appearance 
completely but was correct in his habits. 

Comment: This is one of the mixed cases, so hard to estimate, diagnose, 
and treat correctly. He shows many schizoid characteristics and these pre¬ 
dominate. The cycloid tendencies are manifested in his irascibility. There 
are also long mood swings between elation, which leads to excitement, and 
depression, which produces irritability and negativism. 

The interpretation of reaction is difficult in this case. To sodium amytal 
he reacted with excitement and violence similar to Manic Depressive; to the 
sodium rhodanate he showed a release of the inhibitory mechanism so that 
we have uncritical freedom of thought production, undirected and distrac- 
tible. Our suggestion is that we have here an individual, who responds so 
readily to these drugs that he is normal only over a slight range. We probably 
gave him more than enough sodium rhodanate to bring him to the normal 
state. Considering his five years of mutism, his free production now, at a 
correct level of adult thought and in response to reality, the reaction would 
indicate an improved state and therefore Manic Depressive. Therapeuti¬ 
cally it remains to find the correct dose level at which he may be maintained. 

Case 7 

G. B. Male, aged twenty-two, duration two months. 

Diagnosis: Dementia Praecox, Catatonic. 

Behavior: 

Before—stupor, negativistic, incoherent, disoriented, impulsive and 
assaultive. 

Sodium amytal orally. Apparently stimulated. Slowly improved, more 
neat, tidy, speech clear and distinict. Assists with the ward work. 
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Sodium amytal stopped. Relapsed into stupor, was not assaultive, nor 
agitated. 

Sodium rhodanate. When this was given, patient became stuporous, 
untidy and resentful. 

Sodium rhodanate stopped. He improved slowly; but did not recover his 
previous level. 

Comment: This case is similar to Case i. 

Case 8 

J. L. Male, aged twenty, duration two months. 

Diagnosis: Catatonia. 

Behavior: 

Before—impulsive, assaultive, refused food, went to bed with clothes on, 
was mute; marked motor activity and confusion. 

Sodium amytal orally. Became more disturbed, excited, violent and 
assaultive, very confused, ataxic gait. Blood pressure 110/80. 

Sodium rhodanate. Gradually became quiet, better behaved and clear; 
would sleep entire night and eat well. 

Sodium rhodanate stopped. Resumed restlessness, confusion, soiled 
bedding and clothing, destructive; but was not assaultive nor agitated. 

Comment: This case was found to have a taenia saginata infestation, 
hgbln 65, RBC 3,510,000. The test would indicate that we are dealing with 
an agglomerated state and that, upon improvement of physical condition, 
the mental reaction would show corresponding improvement, in which 
case a more hopeful prognosis could be made in spite of the patient^s retro¬ 
gression to the vegetative level of behavior. 

Comment: This case would substantiate the contention of Bancroft and 
Richter that there may be two forms of Catatonia, one the peptized and the 
other the agglomerated. However, we would classify this case more properly 
as a reactive stupor to a physical state and having a good prognosis although 
showing infantile behavior. 

Case 9 

E. B. Male, aged twenty-two, duration four months. 

Diagnosis: Mental Deficiency, Excitement. 

Behavior: 

Before—appeared very fearful, anxious, was noisy, excited, over-active, 
violent, destructive, untidy, but not dirty in personal habits. 

Sodium amytal orally. Excitement, increased restlessness, and over¬ 
activity increased. Blood pressure, 110/60. 

Sodium rhodanate. Increased periods of quietness, sleeping improved, 
appeared stupid at times then slow improvement; ate better, was neat and 
tidy in personal appearance. Is now home on parole. 

Comment: In this case not only was the exhibition of sodium rhodanate 
of diagnostic value indicating a Manic Depressive type but it was also thera¬ 
peutic in action. 
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Case 10 

F. K. Male, aged forty-two, duration three months. 

Diagnosis: Manic Depressive, Manic. 

Behavior: 

Wildly excited, assaultive, destructive, incoherent and disoriented. 
Blood pressure 130/60. 

Sodium amytal. Showed marked intoxication, over-stimulated, over- 
active, over-productive and happy, then confused and irritable. 

Sodium amytal stopped. Has maintained a clear sensorium, but is 
irritable and over-active. 

Sodium rhodanate. On small dose became quiet, well-behaved, inter¬ 
ested and alert. On large doses became confused, depressed, untidy and rest¬ 
less, but sleeps well. Blood pressure 116/68. 

Comment: In this patient^s history, other members of the family have 
had manic depressive attacks. He has had several minor episodes, improving 
quickly from them. This time he was working hard in intense heat and 
developed heat exhaustion as well as his psychosis. This physical trauma is 
agglomerating in action. We predicted a beneficial reaction to rhodanate 
and this did occur. He is now employed on the farm. 

Case 11 

C. M. Male, aged fifty-six, duration ten years. 

Diagnosis: Manic Depressive, Manic. 

Behavior: 

Before—irritable, uneasy, restless with periods of excitement, over¬ 
activity and destructiveness with brief periods of depression and would not 
sleep well at night. Blood pressure 118/80. 

Sodium amytal orally. Patient showed extreme sleepiness; when he 
aroused from this he was excited, irritable, assaultive and non-co-operative, 
was tense, did not care for personal needs. 

Sodium rhodanate. Became quiet and much more contented with sur¬ 
roundings; slept entire night. Is more co-operative on the ward, eats better 
and does not become assaultive. Blood pressure 122/82. 

Comment: In addition to his cyclic mood changes there is also deteri¬ 
oration present. It is quite possible that, although he may be somewhat 
improved, the stage of recovery is passed. 

Case 12 

P. F. Male, aged forty-eight, duration unknown. 

Diagnosis: General Paralysis. 

Behavior: 

Before—assaultive, constant irritability, noisy, restless, agitated and 
destructive. 

Sodium rhodanate. No outburst of violence, will talk, appears less agi¬ 
tated, preserves personal appearance better and sleeps entire night. Blood 
pressure 120/75. 
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Sodium amytal. Became uneasy, restless, irritable and assaultive. 
Comment: This case had malarial therapy and is also receiving tryparsi- 
mide. The findings indicate that his present state is one of agglomeration. 

Case 13 

W. H. Male, aged sixty-two, duration ten years. 

Diagnosis: Manic Depressive, Circular. 

Behavior: 

Before—shows long periods of excitement, during which he would be 
noisy, agitated and assaultive following which he would have a brief period of 
normal state of two or three days, then would go into a depression. At the 
time of our study he was in an excited condition. 

Sodium amytal orally. Narcosis, excitement increased, was more assaul¬ 
tive and irritable. 

Sodium rhodanate. Shows a steady improvement, quiet, requested occu¬ 
pation, maintained improvement; is now on convalescent ward. 

Comment: From our other cases we should have expected this result; but 
we must recognize the possibility of a coincidental improvement in the 
psychosis irrespective of the administration of the sodium rhodanate. Cycloid 
tendencies predominate. 

Case 14 

G. Y. Male, aged forty, duration unknown, has been in hospital two months. 
Diagnosis: Manic Depressive, Manic. 

Behavior: 

Before—marked excitement, noisy, restless, agitated, refused food, de¬ 
structive to clothing, showed impulsiveness and assaultiveness. Mute. 
Blood pressure 108/66. 

Sodium amytal. Showed intoxication, with narcosis following, after 
which he was more excited and condition was worse. 

Sodium rhodanate. Became depressed, brief normal period then stupor¬ 
ous, negativistic, refused food, slept well, would not speak, but would shake 
hands. Blood pressure 100/62, 

Sodium rhodanate stopped. Very slow recovery; is still improving. 
Will speak at times now. 

Comment: In this case sodium rhodanate was given too rapidly; the 
alteration in dispersion was not of too severe a degree of agglomeration. The 
dosage carried him through into the opposite state which showed by his 
stupor and negativism. 

Case 15 

P. B. Male, aged twenty-nine, duration two months. 

Diagnosis: Alcoholic Psychosis, Paranoid. 

Behavior; 

Before—excellent personal appearance, enjoys banjo music, at night is 
excited, noisy, restless, agitated, fearful and believes that he is to be attacked. 
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Sodium amytal. Very deep narcosis with periods of intoxication which 
were followed by increased fear, anxiety and agitation. 

Sodium rhodanate. Slow steady improvement in behavior; would sleep 
entire night. 

Sodium rhodanate stopped. Condition remained as above. Is ready to 
be paroled home. 

Comment: This shows the positive reaction to rhodanate. The case was 
of short duration prior to hospitalization and no doubt his improvement 
can be considered due to the fact that agglomeration had not proceeded to a 
crippling degree. The rhodanate may or may not have had part in the re¬ 
covery, as alcoholics improve on withdrawal of the alcohol. 

Case 16 

A. C. Male, aged fifty-one, duration three years. 

Diagnosis: Manic Depressive, Manic. 

Behavior: 

Before—excited, restless, talkative, over-active, untidy, assaultive, 
irritable, sarcastic, refused to co-operate on the ward. Blood pressure 120/80. 

Sodium amytal. Very quick response, very little drowsiness, stimulated, 
alert, interested, happy, singing on the ward and assisting other patients. 
Definite improvement. 

Sodium rhodanate. Talkative, not restless, works on the ward, sleeps 
very well at night, appetite is improving; remains irritable and sarcastic. 
Blood pressure 106/60. 

Comment: There is a large schizoid coloring in this case. He has had 
the disease for three years and is growing a little worse. There is evidently 
a narrow zone of normal dispersion. Arterio-sclerotic changes are appearing. 
Blood pressure showed a definite drop. 

Case 17 

R. M. Male, aged seventy-two, duration twelve years. 

Diagnosis: Manic Depressive, Circular. 

Behavior: 

Before—over-talkative, over-active, restless, agitated, constantly getting 
into difficulty with others. Blood pressure 220/102. 

Sodium amytal. Showed very deep narcosis, restlessness, agitation and 
excitement. 

Sodium rhodanate. Became quiet, was clear mentally, co-operates with 
care and treatment; sleeps very well. Blood pressure 102/60. 

Comment: The behavior picture was one of Manic Depressive, Manic 
type. He has always been hypomanic. Arterio-sclerosis is marked and there 
is a severe chronic myocarditis present. The blood pressure was much im¬ 
proved. Because of this and the cardiovascular disease, we cannot place 
the improvement as due to the action of the rhodanate on the colloidal state. 
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Case 18 

J. K. Male, aged twenty-four, duration three years. 

Diagnosis: Epilepsy. 

Behavior: 

Before—uneasy, talkative, restless, threatening, occasionally terrific ex¬ 
citement when he will require restraint to prevent injury. He would not 
co-operate with diet. Blood pressure 132/90. 

Sodium amytal. Drowsy, deep sleep. On awakening would become irritable, 
restless, would not work, and refused to co-operate. 

Sodium rhodanate. Slow steady improvement, became well-behaved, 
quiet, worked occasionally on ward which he does very well; sleeps entire 
night which is in contrast to previous behavior. Blood pressure 128/88. 

Comment: This case falls definitely in the agglomerated or cycloid type. 
His improvement was not accompanied by any change in blood pressure. 

Case 19 

F. L. Male, aged seventy-two, duration twelve years. 

Diagnosis: Manic Depressive, Manic. 

Behavior: 

Before—irritable, excited, destructive, usually assaultive, did not care 
for personal appearance. Blood pressure 160/100. 

Sodium amytal. No stimulation, deep narcosis following which he be¬ 
came excited, over-active and mischievous. 

Sodium rhodanate. Became quiet, well-behaved, worked some on the 
ward, sleeps well at night, takes care of personal appearance and was not 
assaultive. Blood pressure 118/74. 

Comment: This is subject to the same criticism as Case 17. However, 
the reaction to each drug was so distinct that he is considered a positive re¬ 
action to rhodanate and not alone due to the fall in blood pressure. 

Case 20 

L. I. Male, aged thirty-nine, duration one month. 

Diagnosis: Epilepsy. 

Behavior: 

Before—restless, over-active, frequent convulsions, marked elation, visual 
hallucinations present; very difficult to handle because of resistiveness and 
negativistic attitude. 

Sodium amytal. Depressed, hallucinated, active, restless, irritable and 
disturbed. 

Sodium rhodanate. Convulsions controlled, became quiet, worked some 
on the ward, was clear mentally, hallucinations were not present although he 
recalled them. 

Sodium rhodanate stopped. Irritability returned, became negativistic, 
hallucinations reappeared. Suddenly developed status epilepticus and a 
cerebral haemorrhage from which he died. 



FUNCTIONAL PSYCHOSES AND DISPERSION 


3435 


Comment: The improvement under rhodanate was very positive. Dosage 
was 0.3 grams three times daily. He would be classified in the agglomerated 
group. 

Case 21 

D. D. D. Male, aged twenty-nine, duration twenty-one days. 

Diagnosis: Manic Depressive, Depressed. 

Behavior: 

Before—depressed, worried, fearful, anxious, untidy in personal appear¬ 
ance, confused, constant supervision to prevent him from getting into diffi¬ 
culty; would not eat well. Blood pressure, 118/78. 

Sodium amytal. Deep sleep, ataxia, became clear mentally, was happy, 
alert and able to discuss the situation. While in this state he was able to 
tell us of his fears, anxieties and delusions of persecution, and ideas of bodily 
harm. 

Sodium rhodanate. Became sulky, sarcastic, noisy, irritable and violent, 
slept fairly well at night. Blood pressure, 112/70. 

Comment: Again we find our tests indicating that our classification was 
wrong, that it was based on the symptoms presented to us by the patient and 
not on knowledge of his mental state. When contact was made, we then 
found a delusional state with fears and ideas of persecution, indicating a 
schizophrenia. He presents an over-peptized state that is improved by ag¬ 
glomeration. Because of our more adequate information we do not now con¬ 
sider that he is a case of Manic Depressive. 

Case 22 

J. S. Male, aged thirty-nine, duration two years. 

Diagnosis: General Paralysis. 

Behavior: 

Before—quiet, but appeared utieasy, would not talk, had marked de¬ 
lusions of grandeur. Blood pressure 160/90. 

Sodium amytal. Deep narcosis, was dizzy, and confused following this. 
Sodium rhodanate. Became very quiet, lethargic, slept during day and 
very deep at night. Blood pressure 128/80. 

Comment: This case is also receiving tryparsimide. He shows a severe 
neurological involvement indicative of wide-spread permanent lesions in 
the central nervous system. Of the two reactions we considered him improved 
by sodium rhodanate and therefore of the agglomerated group. In spite of 
this we classified him as inconclusive. He showed a definite fall in blood 
pressure. 

Case 23 

W. C. Male, aged forty-nine, duration six years. 

Diagnosis: Manic Depressive, Manic. 

Behavior: 

Before—restless, uneasy, over-talkative, constantly complaining, assaul¬ 
tive at times, does not care for personal appearance although he had a good 
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education and training. Did not co-operate with care or treatment. Blood 
pressure 180/90. 

Sodium amytal. Drowsy, marked stimulation, intoxication, ataxia, much 
interested on ward, is over-active and excited. Condition improved. 

Sodium rhodanate. Quiet, sleeps well at night, stopped his complaining, 
co-operates more readily with care and treatment, but does not care for his 
personal appearance, then became depressed and stuporous on increased 
dosage. Improvement returned when it was stopped. Blood pressure 142/80. 

Comment: This individual has many schizoid characteristics but there 
are strong cyclic mood swings with affect and ideation still in contact and at 
an adult level. 

Case 24 

L. C. Male, aged forty-six, duration two months. 

Diagnosis: Involution Melancholia. 

Behavior: 

Before—depressed, anxious, fearful, worried, constantly complaining of 
somatic difficulties. Restless at night, could not sleep. Blood pressure, 178/100. 
Sodium amytal. More interested, alert, some improvement, deep sleep. 
Sodium rhodanate. Appeared uneasy, stuporous, confused, did not 
talk, but slept well at night. Blood pressure, 146/80. 

Comment: We find here that more definite information as to the mental 
content was obtained when the patient was able ta discuss the situation more 
freely under sodium amytal. The somatic ideas were prominent and de¬ 
lusional in character. Schizoid tendencies predominated; this has been rec¬ 
ognized in Involution Melancholia so that in this classification we have two 
types—one benign or cycloid-predominant which would recover, and the 
other schizoid-predominant with a poor prognosis. 

Case 25 

J. M. Male, aged sixteen, duration four years. 

Diagnosis: Endocrinopathy. 

Behavior: 

Before—untidy, periods of explosive irritability alternating with neat, 
clean and tidy in appearance, co-operative, and well-behaved periods. 

Sodium amytal intravenously, 0.5 grams. No narcosis; marked irritability 
with restlessness and resistiveness following. 

Sodium rhodanate. No apparent effect. 

Comment: This case is one in which the diagnosis has been deferred 
until further study on glandular reaction can be made. No conclusive results 
could be obtained. 

Case 26 

F. M. Male, aged thirty-one, duration four years. 

Diagnosis: Dementia Praecox, C'atatonic. 

Behavior: 

Before—would sit all day in one place, would not eat unless by direct 
supervision, was surly, irritable and negativistic. 
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Sodium amytal orally. Became more alert, interested, appetite was better 
and he assisted with work on the ward. 

Sodium rhodanate. Stupor increased, became untidy, disinterested, in¬ 
different and apathetic. 

Comment: This also was similar to Case i. Schizoid predominating. The 
reaction was very well defined. There had been a question of pulmonary 
tuberculosis but no positive findings have been obtained in sputum. He has 
not co-operated on chest examination. No loss of weight, no variation in 
temperature. 

Case 27 

P. H. M. Male, aged twenty, duration of psychosis four weeks; duration of 
diabetes three years. 

Diagnosis: Psychosis with Diabetes (Diabetic tabes). 

Behavior: 

Before—this patient has diabetes. Blood sugar 250 mgms; developed a 
psychosis characterized by excitement, delusions, anxiety, restlessness, violence 
and confusion. Neurologically—loss of knee reflexes, changes in sensation 
(loss) in legs. 

Sodium amytal orally. Patient showed brief periods of very deep narcosis, 
was sleepy, then excited, then normal sleep. On awakening was very irritable 
and restless, following this he became depressed and cried, then mute and 
would not co-operate on further examination. 

Sodium rhodanate. Became more quiet, talked, gave as explanation of 
his depression that he is responsible for the death of many people. 

Comment: This case is being studied intensively and will be reported by 
itself when complete data have been obtained. It is placed in the inconclusive 
group. 

Case 28 

II. L. Male, aged twenty-one years, duration one year. 

Diagnosis: Dementia Praecox, Hebephrenic. 

Behavior: 

Before—untidy, dirty, slept well at night, usually quiet, many mannerisms. 
Sodium amytal. Became drowsy, confused, ataxic, did not grimace, did 
not show mannerisms. 

Sodium rhodanate. Was quiet, mannerisms disappeared. No definite 
change. 

Comment: This case has shown severe deterioration and degeneration. 
Not much improvement could be expected mentally. Requires further study. 
This patient is very definitely schizoid. 

Case 29 

A. M. Male, aged forty-two years, duration six years. 

Diagnosis: Dementia Praecox, Catatonic. 

Behavior: 

Before—-quiet, untidy, negativistic, resistive. 
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Sodium amytal. Quite drowsy, confused, sleep periods increased, slightly 
more alert, no marked improvement. 

Sodium rhodanate. Increased untidiness, more negativistic and more 
resistive. 

Comment: A severely deteriorated case. A longer exhibition of sodium 
amytal would be indicated from test results. 

Case 30 

G. S. Male, aged thirty, duration unknown. 

Diagnosis: Dementia Praecox, Hebephrenic. 

Behavior: 

Before—disturbed, noisy, slept poorly, untidy and destructive. 

Sodium amytal. Sleeps well, is quiet, appears slightly drowsy, is not so 
noisy, but agitated. 

Sodium rhodanate. Gradually became quiet, stuporous. 

Comment: A deteriorated case also. Results inconclusive. 

Case 31 

A. A. Male, age fifty-five years, duration ten years. 

Diagnosis: Dementia Praecox, Paranoid. 

Behavior: 

Before—always quiet, seclusive, untidy. 

Sodium amytal. Drowsy, confused, no material change. 

Sodium rhodanate. Became agitated, noisy, restless, did not sleep, be¬ 
came quite excited. 

Comment: Although no improvement was obtained with the amytal, the 
reaction to rhodanate was so marked that this is considered to be an over- 
peptized state but with deterioration at such level as to make therapy a 
difficult problem. 

Case 32 

D. P. Male, aged twenty-nine, duration unknown. 

Diagnosis: Dementia Praecox, Hebephrenic. 

Behavior: 

Before—uneasy, noisy, restless, agitated. 

Sodium amytal. Drowsy, confused, short periods of excitement, improved; 
sleep p)eriods increased; more quiet in behavior, more co-operative and more 
alert. 

Sodium rhodanate. Did not sleep, became restless, uneasy, agitated, 
noisy and violent. 

Comment: Similar to Case 31. 

Case 33 

H. C. Male, aged thirty-one, duration one month. 

Diagnosis: Dementia Praecox, Hebephrenic. 

Behavior: 

Before—uneasy, restless, noisy, excited, assaultive and untidy. 
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Sodium amytal. Drowsy, confused, ataxia, then became quiet, slept 
well, well-behaved. 

Sodium rhodanate. Became excited, disturbed, violent, did not sleep. 
Comment: Cases 31, 32, 33 all showed the same severe reaction to rho¬ 
danate. Dementia Praecox cases, typed as Hebephrenic, Paranoid and Simple 
may present particulars of each so that typing may be very loose and is often 
interchanged. The paranoid does not eidiibit usually as rapid a deterioration 
as either the Simple or Hebephrenic types. The test indicates the over¬ 
peptized state. 

Case 34 

E. D. Female, aged forty-five, duration three months. 

Diagnosis: Manic Depressive, Depressed. 

Behavior: 

Before—restless, agitated, anxious, whining, sleeps very poorly. 

Sodium am3rtal. Deep narcosis, followed by agitation, excitement and 
worry. 

Sodium rhodanate. At first agitated, disturbed, became quiet, is clear 
mentally, is not so noisy, no longer untidy. Condition improved. 

Comment: Cycloid predominating; positive response to sodium rhodanate. 

Case 35 

R. C. Female, aged thirty-nine, duration one year. 

Diagnosis: Dementia Praecox, Catatonic. 

Behavior: 

Before—uneasy, quiet, restless, wanders about disturbed. 

Sodium amytal. Deep narcosis, short periods of stimulation, became more 
alert, was co-operative; increased dosage resulted in excitement. 

Sodium rhodanate. Became very noisy, depressed, stupid, unable to 
help herself, very untidy. 

Comment: This case showed a very narrow zone for the improved re¬ 
action under amytal. 

Case 36 

A. G. Female, aged forty-eight, duration two months. 

Diagnosis: Manic Depressive, Manic. 

Behavior: 

Before—over-talkative, excited, restless, untidy. 

Sodium amytal. Became drowsy, stimulated, uneasy, alert, very free 
affect, was interested, co-operative and improved. 

Sodium rhodanate. Became very noisy, restless, disturbed, assaultive 
and obscene. 

Comment: This is a third attack. She is of a very unstable personality. 
Each attack shows a deeper level of regression. Schizoid characteristics pre¬ 
dominate. The case is further complicated by the occurrence of the climacter¬ 
ium and resulting glandular imbalance. 
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Case 37 

W. R. Female, aged twenty-two, duration six months. 

Diagnosis; Dementia Praecox? 

Manic Depressive, Manic? 

Behavior; 

Before—disturbed, restless, uneasy, violent at times, will stare con¬ 
tinuously at ceihng. 

Sodium amytal. Deep sleep, no intoxication, has shown steady improve¬ 
ment, is clearing very quickly. 

Sodium rhodanate. Became stuporous, untidy, destructive and definitely 
worse. 

Comment; This case was at first diagnosed Manic Depressive, then was 
changed to Dementia Praecox. From the test she would be considered as of 
the over-dispersed group. The diagnosis might very properly be catatonic 
schizophrenia. She would not co-operate in examination and further could 
scarcely speak English. 

Case 38 

E. T. Female, aged forty-seven, duration one year. 

Diagnosis; Manic Depressive, Manic. 

Physical condition—diabetes. 

Behavior; 

Before—disturbed, singing, restless, uneasy, would not keep clothes on, 
attacked other patients. 

Sodium amytal. Deep narcosis, was more quiet, then became over-active 
and irritable. 

Sodium rhodanate. Became less agitated, but remained quarrelsome, 
sleep periods increased. 

Comment; Because of the presence of diabetes, this case was listed as 
inconclusive. She showed some improvement under the amytal, then was 
made worse. She was also improved by the rhodanate. As in the other 
diabetic, separate study is being done to determine if the variations in reac¬ 
tion have any relation to variations in her physical disease. 

Case 39 

L. P. Female, aged thirty-eight, duration six months. 

Diagnosis; Dementia Praecox, Paranoid? 

Behavior; 

Before—restless, uneasy, crying, noisy. 

Sodium amytal. Showed deep narcosis, marked intoxication, severe 
dizziness and excitement. 

Sodium rhodanate. Became quiet, assisted with work, periods of excite¬ 
ment, short periods of restlessness. Has shown a steady improvement. 

Comment; Positive reaction to sodium rhodanate. Therefore of the 
agglomerated group. No information as to mental content was obtained as 
she could not speak English and would not talk to the interpreter. She ap¬ 
peared under much fear which is not unusual with these cases. 
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Case 40 

R. N. Female, aged twenty-eight, duration two months. 

Diagnosis: Manic Depressive, Manic? 

Behavior: 

Before—noisy, destructive, disturbed, agitated. 

Sodium amytal. Became very nauseated, showed much improvement. 
Sodium rhodanate. Became quiet, would cry, was noisy and excited at 
times, then restless and destructive. 

Comment: In this case diagnosis was based solely on observed behavior. 
No contact with patient could be obtained as she did not speak English. 
Severe regression in behavior was present. She would masturbate before 
other patients. The test indicated a state of dispersion. 

Case 41 

B. B. Female, aged thirty-two, duration two months. 

Diagnosis: Dementia Praecox, Paranoid? 

Behavior: 

Before—disturbed, noisy, over-talkative, agitated, removed clothing. 
Sodium amytal. Sleep periods increased, restless when awake, very 
ataxic, noisy, confused and unsteady, some excitement. 

Sodium rhodanate. Gradually quiet, sleeps better at night, remains quiet, 
has not been noisy, has taken clothes oS once. 

Comment: Again we have a case in which the classification was based on 
presented behavior which was a mixture of both schizoid and cycloid ten¬ 
dencies. The test indicates an agglomerated state. 

Case 42 

E. B. Female, aged thirty-seven, duration two years. 

Diagnosis: Dementia Praecox, Paranoid. 

Behavior: 

Before—agitated, suspicious, delusional, fearful, anxious and restless. 
Sodium amytal. Drowsy, appeared slightly depressed, no change in de¬ 
lusions, agitation and restlessness disappeared. 

Sodium rhodanate. Became disturbed, restless, crying, delusions in¬ 
creased; she made attempts to grab medicine and throw it out of the window 
and became excited when the nurses gave the medicine to other patients. 

Comment: Although unimproved by sodium amytal she was made much 
worse by sodium rhodanate. She was considered as of the over-dispersed 
type; but was classed as inconclusive because of the indefinite result with 
sodium amytal. 

Case 43 

A. A. Female, aged fifty-eight, duration one month. 

Diagnosis: Manic Depressive, Manic. 

Behavior: 

Before—disturbed, over-active, uneasy, agitated. 
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Sodium amytal. Showed marked intoxication, then alert, interested, 
more rational. After-effect showed increased irritability, was noiSy'^tind 
disturbed. 

Sodium rhodanate. Became quiet, rested better at night, slightly irritable, 
uneasy, but did work on ward, sewing and playing cards. 

Comment: This case shows manifestation of both Schizophrenic and 
Manic Depressive. She showed positive improvement under rhodanate and 
was considered of the agglomerated group. 

Case 44 

S. S. Female, aged fifty-one, duration five months. 

Diagnosis: Involution Melancholia. 

Behavior: 

Before—yelling, noisy, restless, agitated and confused. 

Sodium amytal. Deep narcosis followed by increased excitement. 

Sodium rhodanate. Very disturbed, noisy, increased excitement, gradu¬ 
ally became violent. 

Comment: Improvement under amytal was not very much; under other 
barbiturates there was much better response.* The reaction to rhodanate 
indicates that we have a state of over-dispersion. The psychosis occurred at 
the climacterium which obscured the response. 

Case 45 

W. K, Female, aged fifteen, duration two years. 

Diagnosis: Epilepsy. 

Behavior: 

Before—abusive, talkative, disturbed, restless, sulky and excited. No 
grand mal seizures. 

Sodium amytal. Very deep narcosis, severe intoxication followed by 
excitement. 

Sodium rhodanate. Motor activity decreased, became more quiet, 
slight improvement. 

Sodium rhodanate stopped. Irritability and excitement returned. 
Comment: This girl shows no grand mal seizures but instead petit mal 
and the psychogenic equivalents. Following these, acute excitement and 
assaults will occur. The test was positive indicating a decreased dispersed 
state. 

Case 46 

S. M. Female, aged thirty-five, duration two months. 

Readmission—Manic Depressive, Depressed. 

Diagnosis: Manic Depressive, Manic. 

Behavior: 

Before—very disturbed, abusive, noisy, screaming, tearing of clothing, 
crying, unclean. 

♦From a study now in process by Dr. Benj. Pollack, Willard State Hospital. 
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Sodium amytal. Showed deep narcosis with severe intoxication following. 
Was noisy and disturbed, then drowsy and ataxic, followed by excitement 
and violence. 

Sodium rhodanate. Became very disturbed, abusive, crying, whining, 
then confused. No definite improvement in the mental condition but im¬ 
proved behavior. 

Comment: This is the second admission, the first one being twelve years 
previous. She shows more disturbed behavior. In the first admission she 
was depressed. 

The forty-six cases are summarized in Tables I and II. 

The Schizophrenic group is improved by sodium amytal. The two Para¬ 
noid cases with negative reaction to sodium amytal are really Manic Depres¬ 
sive, Mixed. The two inconclusive cases were made worse by sodium rhoda¬ 
nate; they are partial positive and correlate with the over-dispersed type. 
The Dementia Praecox, Catatonic improved by sodium rhodanate is really 
Manic Depressive, Mixed; and so is the Hebephrenic case made worse by 
sodium amytal. The Hebephrenic inconclusive was severely deteriorated. 
Our Involution cases were improved by sodium amytal, indicating a large 
schizoid factor. The Manic Depressive group, including the Manic Circular 
and Depressed states, are of the agglomerated type. Two of the Manic cases 
with negative reaction to sodium rhodanate are Schizophrenics and the de¬ 
pressed case improved by sodium amytal is really Dementia Praecox, Cata¬ 
tonia. The inconclusive case is so listed because of the presence of arterio¬ 
sclerosis and chronic myocarditis. The case of Catatonia is really a benign 
stupor reaction and therefore considered of the agglomerated type. 

The epileptics are made worse by sodium amytal and show improvement 
to sodium rhodanate. In the excited case of Mental Deficiency, the behavior 
reaction would classify it under the Manic Depressive group. Improvement 
with sodium rhodanate would be expected and did occur. 

In the two alcoholics, one reacted with improvement to sodium rhodanate 
as might be expected. The other was improved by sodium amytal; but it 
was found that he had a delusional trend with splitting of emotional field, 
so that it should more properly be diagnosed as Schizophrenia. Only two 
cases of General Paresis were dealt with. Both have received large amounts 
of tryparsimide. One, the inconclusive case, was under treatment at the 
time, so that the sodium rhodajiate had to be discontinued. He furthermore 
shows very severe neurological involvement. 

The two diabetics fall in the inconclusive group. One showed a mixture 
of schizoid and cycloid characteristics with predominance of cycloid, and is 
receiving forty units of insulin per day. Much further study on this case is 
required before positive statements can be made. He, however, was excited 
under sodium amytal. The other one showed predominance of cycloid char¬ 
acteristics and gave a narcotic reaction to sodium amytal but showed im¬ 
provement under sodium rhodanate. The case of Endocrinopathy was a 
mixture of schizoid and cycloid tendencies with mood fluctuation and regres- 
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sion in behavior. Because of the alternation between excitement and quies¬ 
cence, we could not avoid the consideration of a coincidental factor in the 
exhibition of our drug. 


Diagnosis 
D. P. Paranoid 
D. P. Catatonic 
D. P. Hebephrenic 
Alcoholic 
Manic Depressive 
Catatonia 

Excitement (Mental 
Deficiency) 

Epileptic 

Involution Melancholia 
General Paralysis 
Endocrinopathy 
Diabetes 


Table II 

Sodium Amytal Sodium Rhodanate 
Improved Worse Improved Worse 


6 

2 

I 

3 


3 

I 

II 

I 

I 

4 


3 

I 

11 
I 

I 

4 


6 

2 

I 

3 


Inconclusive 

I 

I 

I 


Total 

3 

7 

6 

2 

IS 


14 


24 


24 


14 


46 


The data in regard to blood pressures are tabulated in Table HI. 

Table III 


Blood Pressures* 



Case 

Before 

After 

S. A. 

S. R. 

5 

D. P. H. 

110/68 

102/72^ 

— 

+ 

10 

Manic 

130/60 

116/68^ 

— 

+ 

II 

Manic 

118/80 

122/82^ 


+ 

14 

M. D. M. 

108/66 

100/62^ 

— 

+ 

16 

M. D. M. 

120/80 

106/60^ 

— 

+ 

17 

M. D. C. 

220/102 

102/60^ 

— 

+ 

18 

Epilepsy 

132/90 

128/88' 

— 

+ 

19 

M. D. M. 

160/100 

118/74^ 

— 

+ 

21 

M. D. D. 

118/78 

112/70' 

+ 

— 

22 

G. P. I. 

160/90 

128/80^ 


Inconclusive 

23 

M. D. M. 

180/90 

142/80^ 

— 

+ 

24 

Involution 

178/100 

146/80^ 

+ 

— 


♦ Prom a study, in preparation by Dr. Robt. Wise, Willard State Hospital. 

' Slight changes that are easily within normal variation. 

*V«ry definite changes in blood pressure. Only four show changes in the systolic 
pressure of over ten points (Hg). 
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Of the twelve cases observed, six showed slight changes of blood pressure 
that were easily within normal variation and six showed very definite changes. 
These are summarized as follows: 

Cases showing slight or no change: 

D. P. H. I Improved by rhodanate 

Manics 4 3 Improved by rhodanate 

I Improved by amytal 
Epileptic I Improved by rhodanate 

Cases showing marked fluctuation: 

Manic 4 4 Improved by rhodanate 

G. P. 1 . I No reaction 

Involution i Improved by amytal 

There is no evidence from these observations that a fall in blood pressure is 
necessarily connected with improvement of the mental state. They indicate, 
however, two types of cases, in one of which the blood pressure falls appre¬ 
ciably and in the other no definite change occurs. 

Conclusions 

It is considered: 

(1) That this study has demonstrated definitely that the functional 
psychoses show a correlation between the syndromes presented and the 
state of dispersion of the cell coUoids. 

(2) That in schizophrenia (Dementia Praecox) the colloidal system is in 
a state of over-dispersion. 

(3) That in the manic depressive psychoses the colloidal system is in a 
state of agglomeration or decreased dispersion. 

(4) That, although only four epileptics were observed, the reaction was 
so definite as to indicate an agglomerated state of the colloidal system. 

(5) That catatonia is correlated with a state of over-dispersion. 

(6) That benign stupor reactions, although appearing very like catatonia, 
react to tests as though they are of the agglomerated state. 

(7) That, based upon the correct appreciation of the colloidal states in 
these syndromes, a more rational therapeutic approach may be made in the 
treatment of such cases. 

It is not suggested that, in psychoses of either organic or functional 
origin, these drugs are the sole method of treatment, but only that they may 
be used as an aid in determining the effect of such mental states on the brain 
colloids. Known and applicable methods of treatment should and must be 
used; but a greater appreciation of the effects of such therapy can now be 
made. 

Willard State HoepUalt 

August SI, 19S1. 
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BY WILDER D. BANCROFT AND J. E. RUTZLER, JR.** 

So far as we can learn, the theories of insanity vary all the way from 
the purely pathological to the purely psychological. C. Stanford Read^ 
says in regard to insanity. ^This term ordinarily connotes more or less 
severe unsoundness of mind. Though its loose usage is almost synonymous 
with mental disease, scientifically the term should only be applied to the 
mental condition of an individual who, through socially inefficient conduct, 
has to be placed under supervision and control. The mind is the mechanism 
by means of which we adapt adequately to our environment and when, 
through its derangement, conduct is exhibited which the community looks 
upon as evidence of disease and as implying irresponsibility, the individual 
concerned is said to be insane and the law steps in to certify him as such. 
Strictly speaking, then, insanity is really a social and legal term and not 
medical. Mental illness is a broad concept which may include very efficient 
members of society. No satisfactory definition can therefore be arrived at, 
since it would be necessary to define what we mean by sanity, which would 
involve us in equal difficulties. 

^It is unnecessary to dwell upon the mystical conceptions of insanity 
which were held in the middle ages, and it will be sufficient to note that it 
was only towards the close of the eighteenth century that this sphere of 
mental disorder was scientifically studied. This was a period in which 
materialism flourished and research devoted to the anatomy and physiology 
of the brain gave the workers reason to believe that the nature and cause of 
insanity would before long be discovered, since the advance of knowledge 
in the structure and functioning of the central nervous system was progress¬ 
ing at a rapid rate. A school of thought therefore held sway which founded 
insanity on a physiological basis and endeavoured to base all pathology in 
terms of organic change in the brain. Although the great value of this method 
cannot be gainsaid, there is ample evidence that other aspects of approaching 
the problem of insanity are essentially necessary. Of late years another 
school has advanced the belief that the majority of cases of insanity are 
psychogenic in origin and that, even where gross physical disease has been 
the exciting factor, the symptoms can only be adequately understood at the 
psychological level. Others, again, prefer to take a wider view-point still 
and regard insanity in the light of biological or psycho-biological reactions. 

♦This work is done under the programme now beix^ carried out at Cornell University 
and supported in part by a grant from the Heckscher Foundation for the Advancement of 
Researcn established by August Heckscher at Cornell University. 

♦♦Eli Lilly Fellow. 

^ Encyclopaedia Britannica, 12, 383 (1929). 
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Modem psychological knowledge would lead us to believe that the under¬ 
standing of much of the subject is made clearer when we regard it in the 
light of instinctive forces conflicting with environment and resulting in a 
failure of adjustment. The mental symptoms cannot be rightly spoken of 
as a disease but as types of reaction through the effort on the part of the in¬ 
dividual to meet conditions. . . . The materialistic school would hold that, 
though in many states of insanity no observable structural changes are 
found, they exist all the same, only they are such that our imperfect methods 
cannot detect them, and in time they will be discovered. At present we have 
insane conditions divided into those that are regarded as functional and those 
that are organic. In the former we have mania, melancholia and paranoia, 
and some would include dementia praecox. The psychogenic school would 
argue that, though mental disease may arise secondarily to physical disorder, 
the symptoms are psychological reverberations of that disorder and the body 
of an individual must be regarded as environmental to the ego. In an inte¬ 
grated organism, though the basis of the wrong functioning lies in the physical 
sphere, some of the effects are manifested at the psychological level. The 
symptoms, then, are expressions of the personality, and however much we 
may stress the bodily aspect, that can in no way explain the content of a 
delusion or a hallucination. The fact that some individuals may take alcohol 
to the extent of producing severe physical disease without affecting the mind, 
and others will fall victims to insanity through its use, proves that psychic 
factors cannot be left out of the calculation. The many structural changes 
which are found in certain forms of insanity should be reviewed as probably 
secondary to a perverted mentality. The bodily effects of emotion are well 
known and it can easily be surmised that long-continued emotional stress 
should in time be followed by organic change. During the World War we 
had ample evidence of this. As McDougall says, ‘mind has a nature and a 
structure and functions of its own which cannot be fully and adequately 
described in terms of structure of the brain and its processes.^ If this be true, 
as he thinks, it does not seem logically impossible that the nature of the mind 
itself may be disordered or impaired or defective. It seems, then, that we 
must steer clear of belonging to one or other of the extreme camps when we 
view the nature of insanity, but take a very wide vista which will embrace 
the study of the individual, his personal and racial history, his environment, 
and his physical and mental structure.” 

In a presidential address before the American Psychiatric Association, 
Dr. W. A. White' of Saint Elizabeth's Hospital in Washington has presented 
the case for the psychiatrist in an admirably clear manner. 

“Since the advent of psychoanalysis we for the first time have our vision 
directed to where the real trouble has taken place, and our interests centered 
upon the actual mechanisms that are producing the symptoms. We under¬ 
stand that the deflection of our vision to the body or to the infectious organ¬ 
ism are but examples of that mechanism of projection with which we have 


' Am. J. Psychiatry, 5 , i (1925)* 
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become so familiar, and that it was because of the emotional necessity for 
seeing causes otherwise than in ourselves that we for so many centuries have 
been unable to face the facts of our own mental life. The tendency to refer 
all mental diseases to either an exclusively somatic or infectious etiology is, 
I believe, a regressive tendency in psychiatry. Of course I do not want to 
be understood as saying that physical disease or infection plays no part in the 
etiology of the psychoses, although I am not at all sure that such a thesis 
might not be entertained. Still we are hardly ready for such an extreme 
position as yet. But the very fact that there are organs that should be re¬ 
moved in whole or in part makes it all the more difficult to discover and to 
overcome the compromises with tradition and superstition which are hidden 
behind the concepts of infection or the enucleating operations of surgery. 
The emphasis is undoubtedly for the first time where it belongs, and when 
I said that perhaps a thesis could be maintained that would eliminate the 
consideration of the soma or the pathogenic organism as etiological factors 
in mental disease I had in mind that one of the results of this new point of 
view has been, I will not say the development, because matters have not 
gone far enough perhaps to warrant such a phrase, but the beginning of the 
development, at least, of a theory of disease, speaking in the large, which 
for the first time looks as if we might be able to compass the understanding 
of what we have heretofore spoken of as pathological and abnormal, two 
terms which have always carried an implication that the things to which they 
refer were in some way outside of the natural order of things.'^ 

At the other extreme from Dr. White is Dr. Henry A. Cotton* of the 
New Jersey State Hospital at Trenton. His book was written before Dr. 
Whitens presidential address. 

^Tor years we have been content to consider mental disorders in two large 
groups, designated as ^organic^ and ‘functional.' This division was based 
on the fact that in the first group pathological changes in the brain tissue, 
which would account for the ‘mental disease' were demonstrable, while in 
the so-called functional group, for a long time, investigations, owing to in¬ 
adequate methods, failed to reveal changes in the brain which could account 
for the mental symptoms. 

“This led to the erroneous viewpoint that certain mental disorders could 
occur independently of any changes in the brain. From this view we unhes¬ 
itatingly dissent. A too literal interpretation of Virchow's cellular hypo¬ 
thesis had led to the hasty and erroneous conclusion that because the cell 
looked normal in arrangement and outline it was necessarily normal in 
function. Among others, the English physiologist, Haldane, has recently 
called attention to the gross error of this view. This erroneous hypothesis 
that the mind is independent of the brain, was further supported by the 
fact that no recognizable physical disease was formerly known to exist in 
these patients. By exclusion, therefore, mental factors came to be accepted 

^ “The Defective, Delinquent and Insane,” 11-15, 16-18, 22-27, 120-122 (1921). 
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as the sole cause operating in this group. It followed that if mental factors 
caused 'mental diseases’ necessarily mental treatment was the only method 
which could promise a cure. 

"That such a conception is erroneous can be demonstrated by the entire 
lack of success in such treatment of this type of disease in the last fifty years, 
during which time the mental picture has been subjected to the closest 
analysis, and every possible form of psychic treatment has been tried and 
proved useless. This is evident also from the fact that the percentages of 
recoveries of this class of patients have decreased rather than increased in 
the last few years and that at present we have an ever-growing net annual 
increase in our insane population. In Massachusetts, for instance, the pro¬ 
portion of recoveries to admissions is only 6.9 percent and if improved cases 
are included the ratio is only 24 percent. It is conservative to state that not 
over 25 percent of the patients admitted to state hospitals throughout the 
country are sufficiently improved to leave the institutions permanently. 
This rate is due entirely to spontaneous recovery, not to any definite therapy, 
either psychoanalytical or otherwise.” 

"One has only to turn to works on modern medicine for condemnation 
of this misinterpretation of the relation of function to structure. Hewlett 
has recently stated: 'It is true that in the last analysis all disturbances of 
function must be capable of explanation in terms of physical or chemical 
changes in the body, cells and fluids.’ Anatomical investigations have 
repeatedly shown that conditions which have been classed among the func¬ 
tional diseases possess, in reality, an anatomical basis.” 

"Conklin states: 'The mind is related to the body as function is to struc¬ 
ture.’ Also, 'Any cell may be functionally modified in a thousand different 
ways without any change being evident to the human eye.’ This is entirely 
in accord with the view of many surgeons who have found that the functional 
disorders of the stomach and other organs reflexly caused by the appendix 
have been relieved by the removal of app)endices which showed neither gross 
nor microscopic lesions. The explanation of this relief is that the epithelial 
cells of the appendix have undergone invisible but extensive biochemical 
alterations, permitting the passages into the lymphatics of bacteria and toxins 
which it was their function to prevent but which alterations, either for lack 
of time or for other reasons, failed to cause distinctly visible changes. 

"While psychiatrists, in the past, have held the non-biological view of the 
nature of the so-called mental disturbances, the biologists have produced 
evidence regarding function and structure which when applied to mental 
disorders will, undoubtedly, modify these traditional ideas. The biologists 
are definite in the assertion that there can be no function without structure. 
This being true it would also be true that there can be no abnormal function 
without a correspondingly abnormal structure. Medical men have been 
willing to admit this fundamental law so far as it related to other organs in 
the body but there has been some hesitancy in accepting this truth when 
applied to the brain and the mind. If we could conceive of a mental state 
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independent of the brain, and all known facts refute such a belief, then we 
could believe that certain forms of insanity were diseases of the mind and 
not diseases of the brain. 

''Conklin is emphatic in his opinion that the mind as well as the body 
develops out of the germ. It cannot be considered apart from the body. 
Every known scientific fact substantiates this viewpoint. When the brain 
tissue is affected or destroyed the patient becomes deteriorated or demented 
and finally there is no evidence of functioning of the mind. When the brain 
is congenitally abnormal and does not develop properly, as in idiocy and 
imbecility, the mind is either retarded in development or entirely absent. 

"Investigations, in certain types of insanity, as our technique for con¬ 
ducting them has developed, have shown conclusively that a disturbance in 
the anatomical structure of the brain accompanies the mental symptoms. 
Thus, in paresis, there are now always demonstrable distinct changes in the 
brain as a result of the invasion of the brain tissue by the organism of syphilis 
and finally in such cases the mind ceases to function. In senile dementia, 
the insanity of old age, it has been found that the disease is a result of definite 
destructive changes in the brain tissue. In arterio-sclerotic brain disease a 
similar condition is found, due to the diseases of the arteries and disturbances 
of the brain tissue. The deterioration in dementia praecox can also be cited 
as a similar example. In alcoholic mental disorders, on the other hand, while 
the effect of the poisoning by alcohol is clinically evident, and while the with¬ 
drawal of the alcohol and the elimination of the poison from the system causes 
the mental symptoms to disappear, the transient changes in the brain cells 
may or may not cause visible lesions. 

"With these known facts as a basis one might well inquire why the other 
types which formerly have been designated as functional and of unknown 
origin should be considered so entirely different from the types which investi¬ 
gation has shown to bear out the law that function is dependent upon struc¬ 
ture. Success in the treatment and prevention of this large group of mental 
disorders depends upon the establishment of a definite relation between the 
mental symptoms and pathological conditions in the brain tissue; and while 
this may be difficult to demonstrate conclusively, sufficient data are at hand 
to prove that such a relation does exist and that the abnormal mental symp¬ 
toms disappear when the abnormal brain conditions are corrected.^’ 

"It should be said that the primary lesion which determines the abnormal 
mental state is most frequently not to be found in the brain itself. The brain 
cells are constantly influenced by abnormal conditions in other parts of the 
body through the circulation. Anatomical lesions of other organs of the 
body are known to change the metabolism, contaminating the blood with 
abnormal products, which in turn disturb the chemical exchange and nutrition 
of the cells of the brain. Thus, frequently, there is a direct action on the 
cerebral elements by the morbid agents carried directly through the circu¬ 
lation. The result may be coarse and extensive lesions, such as result from 
a large hemorrhage, or fine, diffuse, and frequently invisible lesions; either 
one of these may be the result of the action of various toxins. Or, the brain 
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tissue itself, by the invasion of micro-organisms, such as those responsible 
for syphilis, may be in part destroyed, leaving instead of the normal nerve 
cells non-nervous replacements, a condition which actually occurs in paresis. 
The effect of toxins of any origin, whether produced by alcohol or by bacterial 
infection, may be temporary or permanent. Thus, in delirium tremens, the 
result of alcohol poisoning, we have a profound mental disturbance. This, 
however, may disappear within twenty-four hours after the alcohol is with¬ 
drawn and the patient has had a good night’s sleep. No lesion may be found 
in the brain. In other forms of alcoholic mental disturbance the symptoms 
may not be so profound, in fact they may be mild when compared to delirium 
tremens, still the degree of poisoning may be so severe and of such long dura¬ 
tion that a withdrawal of the alcohol will not alleviate mental symptoms and 
in such cases brain cell changes may be found. 

“In other words, the changes in the brain, the result of poisoning, may 
have reached such a stage that repair is no longer possible, even after the 
toxin is eliminated. They are permanent and often visible. It is logical to 
assume that these conditions hold good in other types of mental disorders, 
the result of bacterial toxemias. This explains why a certain percentage of 
patients among the manias and melancholias recover spontaneously, even 
when the S3Tnptom8 exhibited are very profound and severe, while in other 
types, such as dementia praecox, in which the toxemia is chronic, continuous, 
and of long duration, the patients will go on to rapid deterioration, in many 
cases showing no tendency towards a spontaneous recovery. 

“From the fact that certain serious mental disturbances do permit of 
spontaneous recovery it has been argued that the brain itself could not have 
been affected, but this is not necessarily true as we have already seen, on 
bio-chemical evidence, as well as clinically in delirium tremens. In this con¬ 
dition we know that the brain has been seriously affected but with the re¬ 
moval of the alcohol it becomes perfectly normal again. Therefore, it cannot 
be argued that because of recoveries in the acute psychoses the brain has not 
been affected. Moreover we have seen many recoveries among the acute 
psychoses occur in a day or two after the removal of the chronic foci of 
infection. 

“It is evident from these considerations that the interpretation of the so- 
called functional mental disorders is following the course already taken in 
functional diseases of other organs, i.e., that we have to recognize the physical 
nature of the disturbance.” 

“The traditional attitude of psychiatrists that mental disorders were in 
fact diseases of the mind and not, as we are forced to believe today, disorders 
of the brain, has led students of the subject to concentrate their attention 
exclusively upon the psychogenic or mental factors, ascribing to them and to 
heredity the most important role in the causation of these diseases. No 
attempt is made to eliminate entirely the importance of the mental factors 
in producing a psychosis for they have their proper place. They are, how¬ 
ever, of secondary importance to the toxic factors about to be described. 
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“It is idle to deny that worry, grief, shock, mental overwork and other 
factors have a distinct role in this mechanism. They undoubtedly occur in 
a large number of patients, but, on the other hand, in a number of cases they 
are absent. Is it not fatuous to suppose that because present in some cases 
they must be present in all, even when a thorough investigation fails to dis¬ 
close them? The relative importance of the psychogenic factors diminishes 
in proportion as they are found to be absent. 

“Of what practical value is it to strive to see things that cannot be de¬ 
monstrated? We are not in accord with the extreme Freudian who wants 
to account for all psychoses on a sexual basis. Such dogmatic reasoning has 
led to the conclusion that mental disorders could be cured only by mental 
therapy and we know that such treatment has been in general very disap¬ 
pointing. 

“Mental factors are contributory in the mechanism of the psychoses. 
Such factors undoubtedly lower the patient’s vitality—lower the immunity 
to infection and produce profound physical disturbances. The loss of appe¬ 
tite, disturbance of nutrition, loss of sleep,—the result of these psychogenic 
factors—will cause latent infections, which may have existed for years, to 
become active and virulent. 

“It is probable that the emotional reactions, having a profound effect 
upon the ductless glands, lower the resistance sufficiently to allow the latent 
infection to become active. It must be admitted that the exact mechanism 
is not known. Further investigations will help to decide the relation of emo¬ 
tional disturbances to the pathology of the ductless glands and infection. 

“No matter what the outcome of such investigations may be, we do know 
that the infections should be considered far more important in the production 
of mental disease than heredity, mental factors, environmental defects, per¬ 
sonality, and improper training, because they can be directly controlled. 

“Many cases occur in which such causes as love affairs, disappointment 
in love, domestic difficulties, conjugal disharmony, financial reverses,—to 
mention only a very few,—are considered to be the only cause of the psy¬ 
chosis. In these cases we have never failed to find serious and often extensive 
local foci of infection. Following the removal of this infection, if the disease 
has not been of too long duration, the mental disturbance is very apt to 
adjust itself. Often these patients have to return to the same environment 
and their domestic difficulties cannot be disposed of as they should be for the 
comfort of the patient. 

“But, in spite of these unfortunate situations, many of our detoxicated 
and recovered patients have been able to weather the storms and to go through 
difficulties which would have sent them back to the hospital in former days. 
One history should be cited to show the effect of detoxication by the removal 
of focal infection, not only in restoring the patient to a normal mental state, 
after a period of ten years of almost constant hospital residence, without 
normal intervals, but also to show how she met and conquered real domestic 
difficulties after her return to her home. 
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^This patient had suffered from depression with intervals of slight im- 
provementi during which efforts had been made to keep her at home, but 
having on two occasions made attempts at suicide she had to be returned to 
a private hospital. During this time she had no thought for her husband as 
she was too self-centered and took no interest in his affairs. As a result the 
husband became interested in other women. Three months after admission 
to the State Hospital, she recovered, following the removal of her infected 
tonsils, her infected teeth having been extracted on admission. The change 
was most pronounced. When admitted, she was thin, emaciated, and spent 
her time standing in the comer of her room taking no interest in her surround¬ 
ings, whining and crying. She gained rapidly in weight and her appearance 
changed from a very pitiful sight to one of great attractiveness. 

^‘When she recovered the husband was reluctant to take her home. She 
found a very unpleasant condition of affairs. Her husband was infatuated 
with another woman of ill-repute, and did everything he could to get her 
back to the hospital, even threatening her with divorce and bringing this 
woman to live with the patient^s children. Our sympathy was aroused and 
on investigating the circumstances we found her statement correct and not 
delusional, as her husband would have had us believe. She accepted a 
position in the hospital for the time being, hoping that matters would improve. 
Finally, she returned home and after a year or more of extremely bitter ex¬ 
perience, the situation adjusted itself and there is no further trouble. She 
recovered in the fall of 1918 and in spite of this harrowing experience she 
never had any return of her former depression, although, according to those 
who place so much stress upon the psychogenic factors, there was ample 
cause. It is significant to note that at the time of the onset of her trouble 
no psychogenic factors were present, at least not to the extent following her 
recovery and return home. It is also important to note that the psychosis 
was of ten years^ duration and recovery followed removal of the tonsils. 

‘There can be no doubt that the endocrin system plays an important 
role in the mechanism of mental disorders. The ductless glands, notably 
the thyroid, thymus, pituitary, adrenals, and sex glands, when they are 
functioning normally, furnish very definite and specific secretions, which 
are necessary to the proper development and functioning of the various 
activities of the entire organism. The activities of these glands are very 
closely related; disturbance of one undoubtedly causes disturbances in the 
others. Their function may be inhibitory or stimulating, thus maintaining 
a proper equilibrium in the body. 

“The nervous system is very sensitive to disturbances of the ductless 
glands and we know definitely that the thyroid exerts a specific infiuence on 
it as well as on the sex glands. Cannon and other physiologists have shown 
that an infinitesimal portion of a grain of the internal secretion of the adrenal 
gland will cause an amazing reaction in the bodily metabolism. 

“Likewise, the absence of thyroid secretion causes a mental condition 
known as cretinism, in which the patient has all the appearance of an imbe¬ 
cile. If extract of the th3rroid gland is fed to these patients, early enough, 
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the mental disease may be arrested. There are also other conditions in the 
adult, known as myxoedema, and caused by lack of thyroid secretion, which 
can also be relieved by feeding thyroid extract. An excess of secretion by 
these glands, or an abnormal secretion, may also exert a toxic influence on 
the whole body, especially on the nervous system. 

'The treatment of conditions due to hyperactivity of the glands is much 
easier than treatment directed to supplying a deficient secretion. In the 
former case very often the glands can be partially removed by surgical means 
and thus rid the system of the excess secretion. This is especially true of the 
thyroid, a large proportion of which can be removed without danger to the 
patient. The other glands are not so easily removed. 

"It is not altogether clear what factors are concerned in producing these 
disturbances of the ductless glands. It has been demonstrated that anger, 
fear, and other emotional disturbances, acting through the sympathetic 
system, will materially, but transiently, affect the secretions of these glands. 
Psychogenic factors, then, existing over prolonged periods, may well cause 
extensive disturbance in the ductless glands, producing at first an abnormal 
hypersecretion, often followed by a distinct, permanent, structural change. 
It is possible that such disturbances occur independent of chronic infection, 
but we have found that these disturbances of the ductless glands are closely 
related to infection. 

"Our experience is entirely in accord with that of Billings, Barker and 
others, namely that the chronic infections have a direct secondary influence 
upon the ductless glands. These observers are of the opinion that it is possible 
to restore the function of the ductless glands by removing chronic foci of 
infection. For instance, an enlarged thyroid will frequently return to normal, 
following the removal of infected teeth and tonsils. This restoration, how¬ 
ever, is proportionate to the amount of damage caused in the thyroid gland 
by the circulating toxin. If this damage has gone beyond the point of repair, 
as is frequently the case, then the abnormal condition can be remedied only 
by excision of the gland. Very few of our patients were bcnefitted by efforts 
to correct conditions in the ductless glands, without first eliminating the 
infection and toxemia. Consequently, we are inclined to believe that infec¬ 
tion and toxemia are the primary factors in the majority of cases, and that 
the disturbance of the ductless glands is secondary. 

"Further investigation in this field is necessary before final and definite 
conclusion regarding the role of the ductless glands in the mechanism of 
mental disorders can be reached. Enough is known, however, to make 
certain that the first step in the treatment is to remove the chronic foci of 
infection, then, if disturbances of the ductless glands persist, and it can be 
determined that the failure of the patient to recover is due to such disturb¬ 
ances, measures directed toward this secondary condition should be insti¬ 
tuted. It is highly probable that in a small number of our unsuccessful cases 
the failure is due to the persistance of these disturbances. Much work yet 
remains to be done in this most important field. 
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‘Trom the discussion of the factors involved in the production of a 
psychosis it can be seen that the causes vary in different individuals. In 
some cases hereditary influences may produce a distinct susceptibility and 
create a more fertile soil for the development of a psychosis. Emphasis, 
however, must be laid on the fact that while this influence may favor such a 
development it is not essential to its production. Furthermore, while psycho¬ 
genic factors, when present, also exert an important influence, these may be 
absent and yet a psychosis may develop. The most important and constant 
factor is the toxemia resulting from chronic infections. 

“In the majority of mental cases there is undoubtedly a combination of 
the factors already discussed and all should be taken into careful consideration 
in the effort to restore the patient to a normal mental condition. In some 
instances the hereditary and psychogenic factors may appear to be most 
prominent and in others the infections and disturbances of the ductless 
glands. In the treatment of mental disorder it must be realized that hered¬ 
itary influences cannot be changed. The attack then should be directed upon 
the factors which can be eliminated from the patient ^s system, which, in the 
present state of our knowledge, is limited to the chronic infection referred 
to above.^* 

“Unfortunately for the many chronic patients conflned in hospitals for 
the insane today, their disease has progressed to the stage where remedial 
therapy is entirely unsuccessful. There are at the State Hospital at Trenton 
900 cases of dementia praecox, none of whom will ever recover. It has been 
difficult to impress this fact upon the friends and relatives of the chronic 
patients who apply for admission to the State Hospital. To this class of 
patients, and especially their friends, undoubtedly the publicity given to 
this work has been most unfortunate. It has aroused hope for treatment in 
these cases when as we have explained none can be expected. 

“We have stated repeatedly that nothing can be done for the chronic 
patients, especially dementia praecox in the terminal stage. But, in spite 
of all this, the idea persists that these methods are applicable to all stages 
of the disease. Elimination of infection to be effective in arresting the 
mental symptoms must be instituted early, otherwise no favorable outcome 
can be expected. The reason for this is that the brain tissue has probably 
become permanently affected as a result of the long-standing toxemia and 
no repair is possible, even with the elimination of the original infection. But, 
the situation, in the early stages of the chronic mental disorders, is quite 
different. When treatment is instituted early it has proven successful in 
arresting the mental symptoms whether diagnosed as dementia praecox— 
the deteriorating type of psychosis,—or manic depressive insanity which tends 
toward spontaneous recovery. This statement is supported by the fact that the 
chronic cases in the State Hospital have not increased in the last three years, 
in fact there has been actually a decrease and not an accumulation of those 
patients as was formerly the invariable rule. Over 50 percent of the perma¬ 
nent residents belong to the dementia praecox group. Practically all of these 
cases could not only have been prevented but their symptoms arrested after 
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the onset, if the methods of eliminating chronic infection had been applied. 
There can be no excuse for failure to treat such cases in early stages now that 
the cause is known. No stronger plea could be offered for the prosecution 
of the work outlined in these pages than the effect it has had in arresting 
the ever-increasing number of human derelicts, now consigned, for the rest 
of their years, to mental obscurity and darkness. 

‘The ‘do-nothing* policy of those who continue to oppose any form of 
treatment, because they are convinced that insanity is the result of heredi¬ 
tary causes and constitutional defects and, therefore, inevitable and incurable, 
is beyond comprehension. However, for these afflicted individuals there is 
the prospect of the dawning of a better day. These relics of medical super¬ 
stition and barbarism will be supplanted by modern biological conceptions 
based upon the proper recognition of the true relation of structure to func¬ 
tion.** 

Bolton^ is on the side of the biologists; but he does not like toxaemia 
which is the whole thing to Cotton, and it is not absolutely clear to the 
layman what happens to the cortical neurones and why. At the time this 
book was published (1914), its author was apparently Professor of Mental 
Diseases at the University of Leeds and Medical Director of the West Riding 
Asylum. The preface was written at the West Riding Asylum in Wakefield. 

“For reasons which will appear in subsequent chapters, I subdivide all 
cases of mental disease into two categories, nameljr: (i) cases which, from 
the macroscopic post-mortem aspect, exhibit abnormal, no abnormal, no 
morbid, or slight morbid appearances; and (2) cases which exhibit morbid 
signs of any higher grade of intensity, and, in some instances, abnormal 
appearances also. 

“The former group, from the clinical aspect, I class under the term 
Amentia, which I employ to connote the mental condition of patients suffering 
from deficient neuronic development; and the latter under the term Dementia, 
which I employ to signify the mental condition of patients who suffer from a 
permanent psychic disability due to neuronic degeneration following insufficient 
durability, 

“The subjects of amentia, therefore, as I shall suggest from the macro¬ 
scopic and prove from the microscopic aspect, suffer from a more or less marked 
grade of sub-evolution of the cerebrum. The chief clinical varieties of amentia 
are low-grade amentia, or idiocy and imbecility of all grades with or without 
epilepsy, and high-grade amentia, which includes moral, unstable and excited 
cases, together with cranks and asylum curiosities, recurrent cases of all 
types, hysteria, epileptic insanity, and true paranoia and allied cases.** 

“The subjects of dementia, as I shall indicate both macroscopically and 
imcroscopically, suffer from, a more or less marked grade of involution or disso¬ 
lution of the cerebrum. I group all such cases into a primarily neuronic class 
composed of senile, presenile, mature and premature types; into a progressive 
and secondary class which includes senile and presenile dementia associated 

1 *The Brain in Health and Disease,” 5, 6, 162 (1914). 
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with gross degeneration of the cerebral vessels, and general paralysis and 
kindred pathological conditions; and into a class of special varieties following 
sense deprivation, epilepsy and cerebral lesions. 

^This generalisation of amentia and dementia is a gross one, and, as I 
shall indicate, is based on the fact that cases of mental disease exhibit a lesion 
of the cortex of the prefrontal region of the cerebrum, which lesion, in the case 
of amentia, is of the nature of a true sub-evolution, and, in the case of demen¬ 
tia, is of the nature of a true involution or dissolution. 

“The existence of amentia does not preclude the onset of dementia, the 
milder grades of which may in fact be regarded as the normal result of cerebral 
senility in all persons, sane or insane, who survive to the necessary age-period, 
which, however, varies greatly in accordance with their individual personal 
cerebral durability. In many idiots, for example, cerebral senility occurs be¬ 
fore the age of forty years, and in some normal persons indications of its onset 
are absent at the age of eighty. 

“The necessity precursor of dementia, whether this be severe or mild, of 
a rapid or of slow development, is a more or less severe grade of Mental Con¬ 
fusion, which term I employ to connote, in the broadest sense, the mental 
symptoms occurring in association with certain pathological states of the cortical 
neurones^ which may be followed by the recoveryj or by a more or less extensive 
dissolution of these elements. In the former case, in which the symptomatology 
is incited by temporary or removable causes—e.g. alcoholic excess—complete 
recovery often occurs. In the latter, a more or less severe grade of dementia 
ensues. Further, certain clinical indications are frequently, though not con¬ 
stantly present which enable a prognosis to be made as to whether a given 
case which exhibits mental confusion is recoverable or will develop dementia. 
Again, it is certain that recoverable mental confusion may occur in persons 
possessing normal cerebra. Lastly, mental confusion followed by dementia 
more commonly occurs in cases with cerebra of normal or relatively normal 
development, though probably of deficient neuronic durability, than in cases 
with cerebra which exhibit some grade of sub-evolution. The generalisation 
may in fact be made that the greater the grade of amentia the less is the ten¬ 
dency to dementia, not through a more normal durability of the cortical 
neurones of the former, but owing to the fact that cases of amentia so readily 
suffer from symptoms of mental alienation under any form of stress that as a 
rule little or no irreparable damage to the cortical neurones results from its 
influence.*’ 

“I hope that recognition of the fact that mental disease consists in essence 
of a large group of cases with varying degrees and types of cerebral degeneracy 
and of another larger group with varying degrees and types of cerebral dis¬ 
solution will be of value at a time when, with the object of elucidating the 
aetiology of insanity with a view to its prevention, even a bacterial origin of 
mental alienation has been seriously discussed. If the views expressed in the 
present volume receive credence, I trust that future attempts to deal seriously 
with the incidence of mental disease will treat the subject, not as a branch of 
infectious disease or at any rate a toxaemia, but as the greatest of the de- 
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generacies; and that an endeavour will be made on the one hand to discover 
and to minimise the causes which lead to cerebral degeneracy and on the 
other to diminish the 'stress' (in the widest sense) to which actual degenerates 
are subjected, with the object of decreasing the degree and the frequency of 
cerebral dissolution.” 

Bolton's views are not necessarily inconsistent with those of Cotton 
though Bolton thinks they are. Bolton is interested primarily in the ana¬ 
tomical structure and not in the causes that produce it. Cotton is interested 
primarily in the toxic effects which produce anatomical changes in the brain. 
Bolton would undoubtedly accept Cotton's dictum that there can be no ab¬ 
normal function without a corresponding abnormal structure. As chemists 
it is our duty to hold fast to this dictum until it is definitely proved wrong in 
some cases. While it is conceivable that there may be conditions under 
which one may have insanity with a normal brain, it is hopelessly unprofitable 
to make such an assumption unnecessarily. 

Paton^ takes a sane, intermediate view. "There is no department of 
medicine in which the investigator needs to be in more intimate touch with 
the advances of modem science than in psychiatry. The problems to be solved 
by it are mainly of general, not special, interest. It not only forms a branch 
of general medicine, but should be classed with other biological studies. 
Science has demonstrated that the anomalies in thought, action, volition, and 
emotion, popularly referred to as forms of insanity, are the expression of a 
disordered functioning of the central nervous system. Gradually we are 
awakening to an appreciation of the fact that the same general methods of 
investigation that are applicable in the study of all biological sciences may be 
successfully adopted in attacking the problems connected with mental 
diseases. 

"Let us consider very briefly the methods which the alienist may employ 
in dealing with psychic phenomena. The problems to be solved can be ap¬ 
proached from several stand-points which for the sake of convenience can be 
described as psychological, clinical, chemico-physical, and anatomico- 
pathological. A word may here be said regarding the attitude of the alienist 
towards the study of mental phenomena or the functions of the cerebral 
cortex. Instead of contenting himself with a naive psychology founded upon 
theory and speculation, he has been taught to rely upon the basis of steady, 
painstaking observation, substantiating his results whenever possible by 
experiment. And by these methods alone will it become possible to attain a 
comprehensive rational understanding of the nature of insanity. The point 
of view of the modern physiologist, that organic processes are referable to 
physico-chemical changes, offers another vantage ground, since physiology 
also teaches that material changes in any organ give rise to disorders of 
function. The brain is no exception to this rule. Changes in consciousness, 
anomalies in the emotional life, impairment of volition, are merely expressions 
of a disturbance in equilibrium of the functions of the brain. In this country. 


1 ^‘Psychiatry,” 2 (1905). 
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particularly, the alienist is singularly indebted to the physiologist and to the 
psychologist, not only for keeping alive and stimulating interest in the study 
of mental phenomena, but also for valuable contributions that have been 
made by both to our knowledge of the functions of the central nervous 
system. So little is known, so much still remains to be found out, and the 
speculative tendency in certain quarters is so strong, that the temptation to 
substitute theory for observation and experiment has to be met and resisted 
at every turn. The relation of body and mind is still an enticing theme for 
the philosopher, but to spend valuable time in theorizing as to the manner in 
which the ultimate solution of this problem will be effected belongs only to 
those who live in a realm that is far afield from the path of the clinician. New 
points of view are always desirable, if they ultimately lead to the discovery 
of additional facts; but psychiatry cannot afford to build upon shifting sands. 
The theories of psycho-physic parallelism and of neo-vitalism may afford 
useful working hypotheses to many investigators, but their adoption as phi¬ 
losophical creeds should be a matter of no concern to the alienist. The at¬ 
tempt to establish a ^psychological basis’ for the study of mental disease is 
quite as undesirable as would be the attempt to limit clinical medicine to the 
mere study of symptoms. The psychological method is a useful aid to in¬ 
vestigation, but to consider its scope and methods as the end-all of modem 
psychiatry shows no appreciation of the advances that have already been 
made. Great as has been the stimulus derived from psychological studies, 
the alienist fully appreciates that his line of investigation differs essentially 
from that of the psychologist. 

^'But before pointing out more in detail the positive advantages derived 
from the new psychology a word of caution is necessary. The facts derived 
from observation and experiment have thwarted the attempts of those who 
have tried to transform the useful working hypotheses expressed in the theory 
of psycho-physic parallelism into dogmas. Even those who were formerly 
the most ardent supporters of this doctrine are now willing to admit that, 
while the parallelism may hold in the case of the simpler sensations, it cannot 
be applied to the more complicated psychic phenomena. Even in the analysis 
of the simpler mental phenomena it is impossible to correlate the so-called 
mental and physical events. In all the cerebral processes, from the simplest 
sensations to the most complex psychic phenomena, there is a series of physico¬ 
chemical changes that take place, and these, so far as is known, have no im¬ 
mediate correlates in the mental sphere. A series of ether vibrations strikes 
the ear and the individual may become conscious of a musical note. How is 
each event in this physical chain to be correlated with those comprising the 
psychic phenomenon? And, in fact, do not the teachings of modern science 
demonstrate the futility of such an attempt? According to the psycho¬ 
physical theory the individual events in one place are not contrasted with 
those in the other, but what is actually attempted is the establishment of a 
parallelism between a whole series of events on the physical side with those 
in the mental sphere. 
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^^But it may be asked, Who shall determine exactly the two series of 
events that are to be contrasted? What is to be called physical and what 
mental; and what censor shall decide the question for us? The careful analysis 
of the cerebral functions has resulted in the destruction of the artificial barriers 
that were supposed to separate them from each other. The differences of 
gradation but not of quality are recognized. The power of discrimination be¬ 
tween violet and yellow, heat and cold, pleasure and pain, represents to each 
sentient individual important distinctions, but by what right do we assume 
that in the final analysis these differences are not referable to physical pro¬ 
cesses that vary only in degree and intensity? For all that we know to the 
contrary there are no abrupt divisions or chasms to be crossed. The cerebral 
processes vary, but they do so by degrees, by shading off into each other 
without gap and without break in continuity. 

^Tt would be superfluous to emphasize the necessity of far more active 
cooperation in America between psychologist and psychiatrist were there not 
abundant evidence of the lack of communism of interests. Two facts have 
contributed to this unfortunate condition. In the first place, too many stu¬ 
dents of normal mental phenomena start with philosophical speculation and 
make exact observation and the recording of facts of merely secondary im¬ 
portance. This attitude in a measure accounts for the widespread and not 
unjustifiable scepticism abroad as to the true merit of many of the so-called 
psychological investigations. And again, when a recognized leader in the 
modem school of psychology has actually admitted defeat and declared that 
his specialty never can become a science, is it to be expected that the wares 
he offers for sale are to be taken at more than their appraised value? But, 
happily, although he may have succeeded in demonstrating the inefficiency of 
his own methods, he has failed signally in the attempt to prove that all others 
are equally untrustworthy. More hopeful investigators—and, fortunately, 
they represent the large majority of psychologists—still have faith in the 
efficacy of patient and well-directed observation. The end is not yet in view, 
but a bright and brilliant page is being written, and even in the face of what 
seem to be insuperable difficulties the investigator, in the light of the ad¬ 
vances that have been made since Herbart^s day, finds reason to take courage 
and begin the attack anew. Observation, whether it be introspective in 
character or be applied to the study of mental phenomena noted in others, 
is being carried on with more rigorous exactitude than ever before. This is 
still the period of critical analysis. The period of synthesis will come as soon 
as the methods of introspection, of observation of the normal and abnormal 
mental processes, and of experiment stand the crucial tests applied to them.” 

At Cornell the general theory of Claude Bernard in regard to anesthesia 
has been developed to the point that the next step beyond the position of 
Cotton has been taken,^ in that we are able to specify what the abnormal 
changes in the brain are in incipient insanity, at any rate in the simple cases. 
From the literature it is evident that there are two general types of insanity. 


1 Bancroft and Richter: Proc. Nat. Acad. Sci., 17 , 294; J. Phys. Chem., 35, 1606 (1931). 
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one in which the brain colloids are slightly over-coagulated or puckered, and 
the other in which the brain colloids are slightly over-peptized or mushy. 
These changes may be so slight that there would be no possibility of detecting 
them microscopically. Consequently, we must resort to indirect methods if 
we are going to prove our point. It was shown in the first paper that the 
abnormal symptoms of the coagulated type should be alleviated by treatment 
with suitable peptizing agents, while the abnormal symptoms of the peptized 
type should be alleviated by treatment with suitable coagulating agents. 
While there is evidence to that effect in the literature, it is purely haphazard 
evidence. The investigators did not know that there were two types of 
insanity, and they used specific drugs without knowing that these belonged 
either to the class of peptizing or coagulating agents. Since nobody tried both 
peptizing and coagulating agents even accidentally, nobody knew what the 
failures were due to, and there were failures. 

It seemed desirable, therefore, to have tests made on a considerable num¬ 
ber of insane patients, starting with the simplest cases and testing them both 
with coagulating agents and with peptizing agents. In this way it would be 
possible to tell to what extent it is possible to divide insane patients sharply 
into two classes, one of which is helped by peptizing agents and is made worse 
by coagulating agents, while the other class is helped by coagulating agents 
and made worse by peptizing agents. As coagulating agent sodium amytal 
was obviously one to try because good results had previously been obtained^ 
with it. Previous investigators had used sodium bromide*-^ without knowing 
that it was a peptizing agent; but we are in a position to predict that sodium 
rhodanate, NaSCN, will be much better. We® are using the German term, 
rhodanate, in the future, because we find that biologists, medical men and 
newspaper men confuse the terms sodium thiocyanate or sodium sulphocyan- 
ide with sodium thiosulphate or sodium cyanide. Since this compound is 
likely to be used more frequently by medical men in the future than in the 
past, it seems wiser to adopt an arbitrary but less misleading name for it. 
By feeding sodium and potassium rhodanate for several weeks Borg^ has de¬ 
veloped insanity in certain patients who were supposed to be suffering only 
from high blood pressure; but this was only a disturbing incident to him and 
he failed to see the real significance of his experiments. As was pointed out 
in a previous paper, sodium iodide, though a good peptizing agent for proteins, 
cannot be used because of the specific action of the iodide ion. 

Dr. Lang® of the Willard State Hospital has run tests with sodium rhodan¬ 
ate and sodium amytal on forty-six patients suffering from functional psy¬ 
choses. These tests were continued for a week or until it was fairly certain 
whether the patient was or was not made better or worse. In some cases the 
results were very clear-cut. Case i had suffered from dementia praecox cata- 

^ Lorenz: Psychiatric Quarterly, 4, 95 (1930). 

* Wright: Am. J. Psychiatry, 5 , 365 (1926). 

® Bancroft and Rutzler: J. Phys. Chem., 35 , 3036, (1931). 

^Minnesota Medicine, 13, 287 (1930). 

* Lang and Paterson: J. Phys. Chem., 35 , 3425 (1931). 
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tonia for five years. His ordinary characteristics were: stupor, seclusive, 
untidy, refused to care for personal needs. After oral administration of 
sodium amytal, there was a slow and steady improvement. He asked for 
work; assisted in cleaning and polishing; kept his clothes neat and himself 
clean; was in good contact with surroundings. After oral administration of 
sodium rhodanate, there was a confused stupor reaction. He was very pale, 
sat with his head bowed and made no response; was untidy and dirty. After 
stopping the sodium rhodanate, he went back to the state before the experi¬ 
ment began. There is a marked improvement with sodium am3rtal and a 
marked deterioration with sodium rhodanate. The man is obviously of the 
dispersion type. Dr. Lang uses the term schizoid instead of dispersion and 
cycloid instead of agglomerated or coagulated. If these words are more 
satisfactory to the medical profession, they should be adopted. In this 
phraseology, this case of dementia praecox catatonia is of the schizoid type 
of insanity. 

Case 18 was diagnosed as epilepsy. Before treatment he was uneasy, 
talkative, restless, threatening, subject occasionally to terrific excitement 
when he requires restraint to prevent injury. After oral administration of 
sodium am3rtal, he fell into a deep sleep. On awakening he was irritable, 
restless, would not work, and refused to co-operate. After administration of 
sodium rhodanate, there was slow but steady improvement. He became well- 
behaved and quiet, worked occasionally on ward which he does very well; 
sleeps the entire night which is in contrast with previous behavior. 

This man is definitely of the agglomerated or cycloid type. His improve¬ 
ment was not accompanied by any change in blood pressure. 

Case 34 was diagnosed as manic depressive, depressed. Before treatment 
she was restless, agitated, anxious, whining, and slept very poorly. Sodium 
amytal produced deep narcosis, followed by agitation, excitement and worry. 
After administration of sodium rhodanate, she was at first agitated and dis¬ 
turbed, but became quiet. She is clear mentally, not so noisy and no longer 
untidy. Her condition is improved and she was definitely the agglomerated 
or cycloid type. 

Case 14 is interesting and shows one of the complications that may occur 
in short tests. He was diagnosed as manic depressive, manic. Before treat¬ 
ment he showed marked excitement; was noisy, restless and agitated; refused 
food, was destructive to clothing; showed impulsiveness and assaultiveness. 
Was mute. On administration of sodium amytal he showed intoxication, 
followed by narcosis. After that he was more excited and his condition was 
worse. It is quite clear that sodium amytal made him worse. Consequently 
sodium rhodanate should make him better. The actual results were not quite 
what was expected. With sodium rhodanate he became depressed. There 
was a brief normal period and then he became stuporous and negativistic, 
refusing food. He slept well; he would not speak but would shake hands. 
When the sodium rhodanate was stopped, there was a slow recovery and he is 
still improving. He will speak at times now. 
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The explanation of this seems to be that the patient responds quickly to 
sodium rhodanate^ that he was given too much, and that he was carried clean 
over from the cycloid insanity to the schizoid insanity. After stopping the 
sodium rhodanate he came back to a much more normal period than he was 
in before treatment. It is probable that small enough doses of sodium rhodan¬ 
ate will improve his condition distinctly. 

Case 35 is similar in principle but with the drugs reversed. The diagnosis 
was dementia praecox catatonic and the behavior before treatment was un¬ 
easy, quiet, restless, and wanders about disturbed. When sodium rhodanate 
was given she became very noisy, depressed, and stupid; was unable to help 
herself and very untidy. There is no doubt but that she became worse under 
sodium rhodanate. Sodium amytal produced deep narcosis and then short 
periods of stimulation. She became more alert and was co-operative, which 
was all as it should be. Continued dosage with sodium amytal resulted in 
excitement and she was apparently carried over from schizoid insanity to a 
mild form of cycloid insanity. 

In a number of cases the tests with sodium amytal and sodium rhodanate 
have led to a change in the diagnosis. Case 2 was diagnosed once as alcoholic 
and once as apathy and depression. Before treatment the patient showed 
stupor and depression, was negativistic and generally untidy but not dirty. 
He had to be coaxed to eat. He was fearful but could not give the cause of his 
fear. After oral administration of sodium amytal, he became alert and in¬ 
terested, cared for his person properly and slept well. When the sodium 
amytal was stopped, the stupor returned promptly but was no worse than 
before. With sodium rhodanate the stupor was increased. The patient was 
untidy, and dirty, and did not feed himself properly. When the sodium 
rhodanate was stopped, the patient returned to the original state. 

The case could not possibly be an alcoholic one because sodium rhodanate 
should have helped it and could not have made it worse. The diagnosis was 
changed because of these tests. When the patient was in the improved state 
due to sodium amytal, he described his depression as due to an unknown fear. 
He had the delusion war was to occur all over the world. The test indicated 
that a state of over-peptization existed and that the diagnosis should have 
been schizophrenia. 

Case 5 was diagnosed as dementia praecox, hebephrenic. Before treat¬ 
ment the behavior was excited, restless, untidy, noisy, with an occasional 
clear time when he would speak English. At other times his productions 
were incoherent and in German, his childhood language. With sodium amytal 
he became excited, stimulated, and drowsy, after which there was a short 
narcosis. Following this he was over-active and destructive. He showed 
many mannerisms, grimaces, and fantastic poses; but while he was in these 
bizarre attitudes that appeared catatonic-like, he only adopted them when 
he knew that he was being observed. He enjoyed the effect of this behavior 
on others. This indicates the presence of a strong affect but mischievous in 
direction. 
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With sodium rhodanate there was slow and steady improvement. He re¬ 
quested his own clothes, talked in English coherently, and has maintained 
this improvement for two months. 

Drs. Lang and Paterson say that ^‘this is an individual whose behavior 
reaction under amytal would be called dementia praecox catatonia. Actually 
in his usual state the diagnosis has alternated between dementia praecox 
hebephrenic and manic depressive mixed, according to the observer. This 
alternation indicates that we have here a case with marked schizoid ten¬ 
dencies; but that affect was not split off, was still strong, and was adapted to 
the situation at an adult level. The behavior under sodium rhodanate would, 
according to our experimental findings, place him in the agglomerated or 
cycloid group, which correlates with the manic depressive classification.'' 

Case 9 was diagnosed as mental deficiency, excitement. Before treatment 
he appeared very fearful and anxious; was noisy, excited, over-active, violent, 
destructive, and untidy; but not dirty in personal habits. Oral administra¬ 
tion of sodium amytal caused excitement with increased restlessness and over¬ 
activity. With sodium rhodanate there were increased periods of quietness 
and he slept well. He appeared stupid at times; but there was slow improve¬ 
ment. He ate better and was neat and tidy in appearance. He is now at 
home on parole. Drs. Lang and Paterson say that in this case not only was 
the exhibition of sodium rhodanate of diagnostic value, indicating a manic 
depressive type; but it was also therapeutic in action. 

Case 21 was diagnosed as manic depressive, depressed. Before treatment 
he was depressed, worried, fearful, anxious, untidy in personal appearance, 
confused, and required constant supervision to keep him from getting into 
difficulty. He would not eat well. With sodium amytal there was deep sleep 
and ataxia. He became clear mentally, was happy, alert and able to discuss 
the situation. While in this state he was able to tell of his fears, anxieties 
and delusions of persecution, and ideas of bodily harm. With sodium rhodan¬ 
ate he became sulky, sarcastic, noisy, irritable, and violent. He slept fairly 
well at night. 

Drs. Lang and Paterson say: ‘^Again we find our tests indicating that our 
classification was wrong, that it was based on the symptoms presented to us 
by the patient and not on knowledge of his mental state. When contact was 
made, we then found a delusional state with fears and ideas of persecution, 
indicating a schizophrenia. He presents an over-peptized state that is im¬ 
proved by agglomeration. Because of our more adequate information we do 
not now consider that he is a case of manic depressive." 

Case 24 was diagnosed as involution melancholia. Before treatment he 
was depressed, anxious, fearful, worried, and constantly complaining of 
somatic difficulties. He was restless at night and could not sleep. With 
sodium amytal he became more interested and alert; showed improvement 
and enjoyed deep sleep. With sodium rhodanate he appeared uneasy, 
stuporous and confused. He did not talk but slept well at night. 

The comment on this case is that we find here that more definite informa¬ 
tion was obtained when the patient was able to discuss the situation more 
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freely under sodium amytal. The somatic ideas were predominant and de¬ 
lusional in character. Schizoid tendencies predominated; this has been recog¬ 
nized in involution melancholia so that in this classification we have two 
types—one benign or cycloid-predominant which would recover and the other 
schizoid-predominating with a poor prognosis. 

Case 37 was diagnosed as dementia praecox (?) or manic depressive, 
manic (?). Before treatment she was disturbed, restless, uneasy, and violent 
at times. She would stare continuously at the ceiling. With sodium am3rtal 
there was deep sleep and no intoxication. She has shown steady improvement 
and is clearing very quickly. With sodium rhodanate she became stuporous, 
untidy, destructive, and definitely worse. 

The physicians say: “This case was at first diagnosed manic depressive 
and was then changed to dementia praecox. From the test she would be con¬ 
sidered as of the over-dispersed group. The diagnosis might very properly be 
catatonic schizophrenia. The patient would not co-operate in examination 
and further could scarcely speak English.” 

Case 39 is just the reverse. She was diagnosed as dementia praecox, 
paranoid (?). Before treatment she was restless, uneasy, crying, and noisy. 
With sodium amytal there was deep narcosis, marked intoxication, severe 
dizziness, and excitement. With sodium rhodanate she became quiet and 
assisted with work. She had periods of excitement and short periods of 
restlessness; but has shown a steady improvement. Because of the positive 
reaction to sodium rhodanate, she belongs to the agglomerated group. No 
information as to mental content was obtained as she could not speak English 
and would not talk to the interpreter. She appeared under much fear, which 
is not unusual in these cases. 

Case 40 was diagnosed as manic depressive, manic (?). Before treatment 
she was noisy, destructive, disturbed, and agitated. With sodium amytal she 
became very nauseated but showed much improvement. With sodium 
rhodanate she became quiet, would cry, was noisy and excited at times, then 
restless and destructive. In this case diagnosis was based solely on observed 
behavior. No contact with patient could be obtained as she did not speak 
English. Severe regression in behavior was present. The test indicated a 
state of dispersion, while manic depressive, manic belongs under cycloid 
insanity. 

Case 41 was diagnosed as dementia praecox, paranoid. Before treatment 
she was disturbed, noisy, over-talkative, and agitated. She removed clothing. 
With sodium amytal the sleep periods increased. She was restless when 
awake, very ataxic, noisy, confused and unsteady, with some excitement. 
With sodium rhodanate, she became gradually quiet, slept better at night, 
remained quiet, has not been noisy, and has taken clothes off only once. The 
comment on this is that “again we have a case in which the classification was 
based on presented behavior which was a mixture of both schizoid and cycloid 
tendencies. The test indicates an agglomerated state.” 

The whole forty-six oases are summarized in Table I. Eight out of the 
forty-six are classed temporarily as inconclusive. Thirty-eight of the forty- 
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Table I 





Sodium 

Amytal 

Sodium 

Rhodanate 
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Diagnosis 

Improved 
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Improved 

Worse 

clusive 

Total 

D. P. Paranoid 


2 

2 


I 

3 

D. P. Catatonic 

6 



6 

I 

7 

D. P. Hebephrenic 

2 

3 

3 

2 

I 

6 

Alcoholic 

I 

I 

I 

I 


2 

Manic Depressive 

3 


11 

3 

I 

IS 

Catatonia 


I 

I 



I 

Excitement (Mental 







Deficiency) 


I 

I 



I 

Epileptic 


4 

4 



4 

Involutional Melancholia 2 



2 


2 

General Paralysis 


I 

1 


I 

2 

Endocrinopathy 





I 

I 

Diabetes 





2 

2 


14 

24 

24 

14 

8 

46 


six cases are made better by sodium rhodanate and worse by sodium amytal 
or vice«versa. The remaining eight are classed as inconclusive either because 
they do not meet this criterion or for some other reason. These eight are 
Cases 6, 22, 25, 27, 30, 36, 38, and 42, as given by Lang and Paterson.^ 

Case 6 probably should not be included in this list; but rather as one of 
those in which the original diagnosis was at fault. He was classified as 
dementia praecox, catatonic. Before treatment he was excited, noisy, rest¬ 
less, resistive, and mute for five years. His appetite was good but his sleep 
was usually disturbed. He did not want to be helped and wrote on the wall 
that he dared Dr. Lang to make him speak. He meant “defied;’’ but he may 
not have known that word. 

When sodium amytal was given intravenously, he became sleepy, nodded 
in response to questions, and spoke once. There was a narcosis of short 
duration, following which he was excited and required restraint to prevent 
injury. With large doses of sodium rhodanate he was depressed and irritable. 
On small and repeated doses he began writing numerous letters which were 
logical to some extent, but showed disturbed sentence structure. On the 
fourth day of administration he began to talk and was over-active and irritable. 
On the fifth day he was still over-active. He talked steadily in spite of his 
previously-declared intention not to. His ideas were flighty and his conversa¬ 
tion rambling and irrelevant; but coherent in choice of words and sentence 
structure. His ideas were in response to normal stimuli, and if they had not 
been so rambling and produced so fast (in other words a manic reaction), he 
would have been normal as to content and production. He ignored his per¬ 
sonal appearance completely but was perfectly correct in his habits. 


1 J. Phys. Chem., 35 , 3425 (1931). 
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Drs. Lang and Paterson say that ‘‘this is one of the mixed cases so hard to 
estimate, diagnose, and treat correctly. He shows many schizoid character¬ 
istics and these predominate. The cycloid tendencies are manifested in his 
irascibility. There are also long mood-swings between the elation which 
leads to excitement and the depression which produces irritability and 
negativism. 

“The interpretation of reaction is difficult in this case. To sodium amytal 
he reacted with excitement and violence similar to manic depressive; to the 
sodium rhodanate he showed a release of the inhibitory mechanism so that 
we have uncritical freedom of thought production, undirected and distractible. 
Our suggestion is that we have here an individual who responds so readily to 
these drugs that he is normal only over a slight range. We probably gave 
him more than enough sodium rhodanate to bring him to the normal state. 
Considering his five years of mutism, his free production now, at a correct 
level of adult thought and in response to reality, would indicate an improved 
state and therefore manic depressive. Therapeutically it remains to find the 
correct dose level at which he may be maintained. 

In principle Case 6 seems to us the same as Case 14, previously discussed. 
The only difference is that that patient was diagnosed originally as manic 
depressive and this one should have been. 

(^ase 22 was diagnosed as general paralysis. Before treatment he was 
quiet but appeared uneasy, would not talk, and had marked delusions of 
grandeur. With sodium amytal there was deep narcosis. Following this he 
was dizzy and confused. With sodium rhodanate he became very quiet and 
lethargic, slept during the day, and very deeply at night. The comment on 
this is: “This case is also receiving tryparsimide. He shows a severe neuro¬ 
logical involvement indicative of wide-spread permanent lesions in the central 
nervous system. Of the two reactions we considered him improved by sodium 
rhodanate and therefore of the agglomerated group. In spite of this we 
classified him as inconclusive.^' Paton^ gives a reproduction of a drawing of 
giant cells showing marked agglomeration with a patient having general 
paralysis. 

Case 30 was diagnosed as dementia praecox, hebephrenic. Before treat¬ 
ment he was disturbed, noisy, untidy, and destructive. He slept poorly. 
With sodium amytal he slept well, was quiet and appeared slightly drowsy. 
He was not so noisy but was agitated. With sodium rhodanate he gradually 
became quiet and stuporous. The results were called inconclusive because 
this was a deteriorated case. To the layman it seems as though this patient 
was made somewhat better by spdium amytal and somewhat worse with 
sodium rhodanate, though not very much either way. 

Case 36 seems to us a faulty diagnosis. She was classed as manic depres¬ 
sive, manic. Before treatment she was over-talkative, excited, restless, and 
untidy. With sodium amytal she became drowsy, stimulating, uneasy, and 
alert, with very free affect. She was interested, co-operative, and improved. 


I'Tsychiatry/^ Plate XIV (1905). 
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With sodium rhodanate, she became very noisy, restless, disturbed, assaultive, 
and obscene. To the layman this patient was apparently made much worse 
by sodium rhodanate and somewhat better by sodium amytal, which is quite 
impossible for manic depressive, manic. The medical comment was: 'This is 
a third attack. She is of a very unstable personality. Each attack shows a 
lower level of regression. Schizoid characteristics predominate. The case is 
further complicated by the occurrence of the climacterium and resulting 
glandular imbalance.” 

Case 42 was diagnosed as dementia praecox, paranoid. Before treatment 
she was agitated, suspicious, delusional, fearful, anxious, and restless. With 
sodium amytal, she was drowsy and appeared slightly depressed, with no 
change in delusions. The agitation and restlessness disappeared. With 
sodium rhodanate she became disturbed and restless; cried; delusions in¬ 
creased. She made attempts to grab the medicine and throw it out of the 
window. She became excited when the nurses gave the medicine to other 
patients. 

The medical comment is: "Although not improved by sodium amytal, 
she was made worse by sodium rhodanate. She was considered as of the over¬ 
dispersed type; but was classed as inconclusive because of the indefinite re¬ 
sult with sodium amytal.” It seems to us that the disappearance of agitation 
and restlessness indicates a slight improvement by sodium amytal. It is not 
known whether a more prolonged treatment with sodium amytal would have 
helped the delusions. The important thing from our point of view for the 
moment is that the test did establish the type of insanity. 

Case 27 was classed as psychosis with diabetes (diabetic tabes). The 
comment before treatment was: "This patient has diabetes. Blood sugar 
250 mgms; developed a psychosis characterized by excitement, delusions, 
anxiety, restlessness, violence and confusion. Neurologically—^loss of knee 
reflexes, changes in sensation (loss) in legs.” 

With oral administration of sodium amytal, the patient showed brief 
periods of very deep narcosis, was sleepy, then excited, then normal sleep. 
On awakening was very irritable and restless; following this he became de¬ 
pressed and cried, then mute and would not co-operate on further examination. 
With sodium rhodanate he became more quiet, talked, and gave as explana¬ 
tion of his feeling, that he is responsible for the death of many. 

The medical comment is: "This case is being studied intensively and will 
be reported by itself when complete data have been obtained. It is placed in 
the inconclusive group.” Superficially considered, there would appear to be 
improvement with sodium rhodanate and deterioration with sodium amytal, 
although one must remember that Dr. Lang is probably basing his judgment 
in part on things which are not set down in the report. 

Case 38 was diabetic and was diagnosed as manic depressive, manic. 
Before treatment she was disturbed, singing, restless, and uneasy; would not 
keep clothes on, and attacked other patients. Sodium amytal brought on 
deep narcosis, after which she was more quiet, but then became over-active 
and irritable. With sodium rhodanate she became less agitated but remained 
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quarrelsome; the sleep periods increased. The medical comment is; ^'Be¬ 
cause of the presence of diabetes, this case was listed as inconclusive. She 
showed some improvement under sodium amytal but was then made worse. 
She was also improved by sodium rhodanate [which is what ought to happen 
under the diagnosis]. As with the other diabetic (Case 27) separate study is 
being made to determine whether the variations in reaction have any relation 
to variations in her physical disease.^’ This case is not satisfactory as it 
stands. Some disturbing factor has not been recognized as yet. 

Case 25 is diagnosed as endocrinopathy. Before treatment he was untidy, 
with periods of explosive irritability alternating with well-behaved periods in 
which he was co-operative, neat, clean, and tidy in appearance. One-half 
gram of sodium amytal intravenously produced no narcosis. There was 
marked irritability with restlessness and resistiveness afterwards. With 
sodium rhodanate there was no apparent effect. This boy is not put to sleep 
by an intravenous injection of sodium am3rtal and is apparently not affected 
by sodium rhodanate, so he does not fit in to the picture at all for the present. 
The medical comment is that this case is one on which the diagnosis has been 
deferred until further study on glandular reaction can b^ made. No con¬ 
clusive results could be obtained. 

The general summary is that in thirty-eight out of forty-six cases or just 
under 83 percent, positive results were obtained with both drugs. In five 
cases, or just under 11 percent, positive results were obtained with at least 
one of the drugs. With three cases or 6.5 percent, the results were inconclu¬ 
sive. These three cases are the two diabetics and the boy suffering from 
endocrinopathy. Drs. Lang and Paterson say with reference to these three 
cases: ^The two diabetics fall in the inconclusive groups. One showed a 
mixture of schizoid and cycloid characteristics with predominance of cycloid, 
and is receiving forty units of insulin per day. Much further study is required 
on this case before positive statements can be made. He, however, was ex¬ 
cited under sodium amytal. The other one showed predominance of cycloid 
characteristic and showed a narcotic reaction to sodium amytal, but showed 
improvement under sodium rhodanate. The case of endocrinopathy again 
was a mixture of schizoid and cycloid tendencies with mood fluctuation and 
regression in behavior. Because of the alternation between excitement and 
quiescence, we could not avoid the consideration of a coincidental factor in 
the exhibition of the drug.'’ 

A positive result in over ninety-three percent of the cases the first time 
round is entirely satisfactory. The patients did not know which drug they 
were getting. In fact Drs. Lang and Paterson say that in their opinion '^this 
study has demonstrated definitely that the functional psychoses show a cor¬ 
relation between the syndromes presented and the state of dispersion of the 
cell colloids.^’ They add that “based upon the correct appreciation of the 
colloidal states in these s3mdromes a more rational therapeutic approach may 
be made in the treatment of such cases. 
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Dr. Lang has now introduced the tests with sodium amytal and sodium 
rhodanate as the fundamental diagnostic tests, while the more orthodox 
methods are now the secondary ones and have to be revised until they agree 
with the fundamental tests. Dr. Lang has found that, in general, the cycloid 
cases of insanity require less sodium amytal to cause narcosis than do the 
cases of schizoid insanity. These latter are farther from the coagulated state. 

Let us turn back to Table I and consider the conclusive tests. All the 
dementia praecox, paranoid cases and all the epileptic cases were made worse 
by sodium amytal and better by sodium rhodanate. All the dementia praecox, 
catatonic cases and all the involutional melancholia cases were made better by 
sodium amytal and worse by sodium rhodanate. These classifications are 
homogeneous so far as the present thirty-eight cases are concerned. Of the 
dementia praecox, hebephrenic cases two were made better by sodium amytal 
and three worse. In the alcoholic group one was made better and the other 
worse by sodium amytal. Of the manic depressive cases, three were made 
better by sodium amytal and eleven worse. These classifications are there¬ 
fore not homogeneous. This means that the classification is wrong, that the 
diagnosis is wrong, or that both are wrong. 

In regard to this classification Drs. I.<ang and Paterson say: ^Trom Table I 
we find that the dementia praecox groups are improved by administration of 
sodium amytal. The cases that are apparently made worse and the incon¬ 
clusive cases are ones that have been in doubt as to* exact diagnosis and have 
alternated between manic depressive and dementia praecox. Our involution 
cases were improved by sodium amytal. This corroborates very well that in 
this group there is a large schizoid factor in those cases which do not clear 
up at all readily. The manic depressive group is definitely improved by sodium 
rhodanate, while under sodium amytal they are made worse with a tendency 
to increase of excitement. The discrepant cases are also borderline cases of 
manic depressive, and show many schizoid factors that have caused the 
diagnosis to be questioned. They are improved by sodium amytal and so 
would indicate a more proper diagnosis of schizophrenia. The inconclusive 
case is so listed because of the presence of arterio-sclerosis and chronic myo¬ 
carditis. 

'The epileptics are made worse by sodium amytal and show improvement 
to sodium rhodanate. In the excited case of mental deficiency, the behavior 
reaction would classify it under the manic depressive group and so with 
sodium rhodanate improvement would be expected and did occur. 

"In the two alcoholics, one reacted with improvement to sodium rhodan¬ 
ate, the other was improved under sodium amytal; but it was found that he 
had a delusional trend with splitting of emotional field so that he should 
more properly be diagnosed as schizophrenia. Only two cases of general 
paresis were dealt with. Both have received large amounts of tryparsimide. 
One, the inconclusive case, was under treatment at the time, so that the 
sodium rhodanate had to be discontinued. He furthermore shows very 
severe neurological involvement.’^ 



THE COLLOID CHEMISTRY OF INSANITY 


3477 


Probably one cannot say more than this until we have more data or until 
some reckless person breaks a lance in favor of the orthodox methods of 
classification and diagnosis. Drs. Lang and Paterson decide: that in schizoph¬ 
renia (dementia praecox) the colloidal system is in a state of over-dispersion; 
that in the manic depressive psychoses the colloidal system is in a state of 
agglomeration or decreased dispersion that, although only four epileptics 
were observed, the reaction was so positive that they would also indicate an 
agglomerated state; that catatonia is correlated with a state of over-dispersion; 
and that benign stupor reactions, although appearing very like catatonia, 
react to tests indicating that they are in the agglomerated state. 

One point in regard to sources of infection calls for a few words. Dr. 
Henry Cotton^ says that ''as early as 1908 Henry S. Upson of Cleveland called 
attention to the relation of infected teeth to mental disorders. He cites the 
fact that Savage, the English alienist, in 1876 reported several cases of acute 
mania recovering suddenly after the extraction of bad teeth. Upson reported 
his conclusions, based on thorough clinical observations, that many cases of 
acute psychoses were caused by infected teeth and that after extracting them 
the patient recovered. He also emphasized the relation of infected teeth and 
impacted molars to dementia praecox.^^ "A realization of the fact that in¬ 
fected teeth, especially the impacted molars, may occur in very young people 
and continue throughout the life of the individual, offers a probable explana¬ 
tion for the peculiar personalities and abnormal dispositions noticed in cases 
of dementia praecox years before the psychosis, as such, develops’^ (Cotton, 
p. 47 )- 

On p. 43 Cotton gives photographs of defective teeth from two cases of 
manic-depressive insanity. On p. 137 Cotton cites a case where the patient 
exhibited a typical maniacal reaction for a week after admission, but improved 
rapidly following the removal of her infected tonsils and extraction of in¬ 
fected teeth. She was discharged as recovered six weeks after admission. 
From these and other passages, we draw the conclusion that infected teeth 
may cause dementia praecox, catatonic in one patient and manic depressive 
insanity in another patient. That did not bother Dr. Cotton, who would 
probably have said that the poison affects the weakest place first and that 
that might vary from patient to patient. That is perfectly true; but we can¬ 
not avail ourselves of it, because we believe in two theoretically opposite 
types of insanity. We must therefore give some sort of explanation for in¬ 
fected teeth causing agglomeration in one case and dispersion in another. 
There seem to be only two possibilities. One is that the toxic substance from 
infected teeth contains a coagulating substance in one individual and a dis¬ 
persing agent in another individual. That seems so improbable as not to be 
worth considering further. The other possibility is that the toxic substance 
from the teeth is not the primary cause of the insanity; but that it stimulates 
or depresses some gland or glands and that the increase or decrease in the 
secretion from these glands causes the insanity. We can then have the toxic 
substance affecting the gland which happens to be most susceptible. 

^ ^‘The Defective, Delinquent and Insane,” 41 (1921). 
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The difficulty with this is that we are postulating glands with imaginary 
properties to help us out of the hole. There is, however, some independent 
evidence that this may be a legitimate explanation. It is generally agreed 
that if hyperthyroid individuals become insane, they are likely to develop 
some form of what we are calling coagulation or cycloid insanity. If hypothy¬ 
roid individuals become insane, they are likely to develop some form of what 
we are calling dispersion or schizoid insanity. It was reported in the news¬ 
paper accounts of the Buffalo meeting of the American Chemical Society that 
Dr. Hoskins of the Harvard Medical School had extracted a hormone from the 
thyroid gland which was given to eighteen sufferers from dementia praecox. 
Five of these became well enough to go home and most of the others showed 
significant improvement. If this is confirmed, we have an under-active 
thyroid gland tending to produce schizoid insanity and an over-active thyroid 
gland tending to produce cycloid insanity. Since there is no reason to suppose 
that this hypothetical regulatory activity is limited to the thyroid gland, it 
may appear that over-excited adrenals tend to produce schizoid insanity and 
under-active adrenals cycloid insanity. Whether this is right or not, it makes 
a very interesting working hypothesis. 

The general conclusions of this paper are:— 

1. There are two schools of insanity. One believes that insanity is 
theoretically a disease of the mind or the psyche and not of the brain, the 
observable brain lesions and defects being secondary or coincident. This 
school believes that mental treatment is the rational way of handling a disease 
of the mind. The other school believes that insanity is theoretically a disease 
of the brain and that changes in the brain structure are the cause of the 
insanity. 

2. Since there are many cases of functional psychoses in which there is 
no visible change of brain structure, the Freudian school has claimed that 
there were actually no changes of the brain structure. This involves the 
assumption that what one cannot see does not exist. 

3. It follows from the theory of Claude Bernard that an abnormal 
colloidal state of the proper part of the brain will involve abnormal thinking, 
which is insanity. 

4. There can be at least two abnormal conditions of the brain, one when 
it is over-coagulated and one when it is over-peptized. 

5. Two general types of insanity do occur in functional psychoses; dis¬ 
persion or schizoid insanity; and coagulation or cycloid insanity. 

6. Cycloid insanity can be identified by the fact that it is made worse by 
sodium amytal and better by sodium rhodanate. Schizoid insanity can be 
identified by the fact that it is made better by sodium amytal and worse by 
sodium rhodanate. 

7. Out of forty-six cases studied by Lang and Paterson, thirty-eight, or 
about 83 percent gave definite indications with both drugs; forty-three, or 
about 93 percent gave definite indications with at least one drug, while three, 
or about 7 percent, are classed temporarily as unsatisfactory. 



THE COLLOID CHEMISTRY OF INSANITY 


3479 


8. In these forty-three cases there is unquestionably a change of brain 
structure paralleling the change in insanity, a change which could not be 
detected by our present method of microscopy. 

9. This means that in about ninety-three percent of the cases studied by 
Lang and Paterson, the insanity is a disease of the brain. The remaining 
cases will probably fall in line in time. 

10. In a fair number of cases the results by the sodium amytal and 
sodium rhodanate tests did not agree with the diagnoses previously made 
along orthodox lines. 

11. Dr. Lang has adopted the sodium amytal and sodium rhodanate 
tests as the fundamental diagnostic tests. When classified in the ordinary 
way, some of the groups are not homogeneous with regard to the fundamental 
tests. This means that there are errors in the classification, in the diagnosis, 
or in both—^undoubtedly the last. 

12. As might have been predicted, the cases of schizoid insanity require 
more sodium amytal to produce narcosis than do the cases of cycloid insanity. 

13. Epilepsy and manic depressive are clearly coagulation types. The 
schizophrenia cases (dementia praecox), if properly diagnosed, are all dis¬ 
persion types. 

14. Lang and Paterson consider that catatonia is correlated with a state 
of over-dispersion and that benign stupor reactions, although appearing very 
like catatonia, react to tests indicating that they are of the a^lomerated type. 

15. Since the benign stupor catatonia is an agglomerated state and 
dementia praecox catatonic is a peptized state, we seem to have been justified 
in the conclusion drawn in the first paper that there are two kinds of catatonia, 
which had not hitherto been differentiated properly. 

16. The data in Paton’s “Psychiatry” are conclusive that general paraly¬ 
sis is of the cycloid type. This is what Lang and Paterson found definitely 
for their conclusive case and probably for their inconclusive case. 

17. We understand that Dr. Henry Cotton and others have found that 
infected teeth may give rise to either tsrpe of insanity depending on the 
individual. 

18. It seems probable that the toxic substances from the teeth do not 
produce insanity directly; but stimulate or depress some of the glands and 
thereby cause insanity. 

19. When hyper-thyroid people go insane, they usually develop cycloid 
insanity, while h3rpo-thyroid people tend to develop schizoid insanity. 

20. In view of what has been done at the Harvard Medical School, it is 
suggested as a working hypothesis that an over-active thyroid gland tends to 
cause cycloid insanity and that some other over-active gland tends to produce 
schizoid insanity. This does not necessarily mean that all functional psychoses 
are due to abnormal glandular activity. 

Cornell Vnivernty, 
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BY F. H. NORTON^ AND D. T. H. SHAW' 

I. Introduction 

The use of mixed rare earths in glasses for special purposes have frequently 
been met with in the literature/'**^ but the use of rare earths in glazes is 
seldom mentioned, and no results are available on the separate rare earths in 
glasses. In connection with color studies of various elements in raw lead 
glazes,® several rare elements were introduced into a lead meta-silicate, 
Pb0-Si02, base glaze. Their colors were then recorded and analyzed. It is 
noteworthy that of all the elements, the rare earths are the only ones that 
give sharp band spectra in glazes in the visible region, although cobalt, 
chromium and uranium show broad bands under certain conditions. 

II. Experimental Procedure 

The preparation and burning of the glazes were descril)ed in another 
article.® In short, various amounts of ^^chemically pure^^ oxalates of cerium, 
neodymium, praseodymium, and samarium were weighed out and mixed 
with the base glaze to which dextrine solution was added to impart adhesion 
to the body. The glazes were then sprayed on to white biscuit tiles, the 
weight of application per unit area being kept constant for all samples. These 
were then burned in an oxidizing atmosphere to looo^C!. and cooled slowly to 
room temperature. Table I gives the composition, batch weight, and color 
of the glazes studied. 

Spectro-reflecting curves of the glazes were then obtained by means of 
Professor Hardy^s recording photo-electric color analyzer.^ Figs, i, 2, 3, 4 
and 5 give respectively the family of relative reflecting (standard—MgCOa) 
curves for Ce, Pr, Nd, Di and Sm, the concentration of the corresponding 
oxides per unit molecule of Pb0-Si02 being marked on each curve. The 
dotted curve is that for the base glaze alone. It will be noted that cerium 
does not give very distinct bands, as compared with the other rare earths, 
and these may possibly be due to contamination by some of the other earths. 

^ Assistant Professor of Ceramics, Massachusetts Institute of Technology. 

* Candidate for Doctor of Science, Massachusetts Institute of Technology. 

® F. Weidert: Z. wise. Phot., 27 , 254 (1921), Das Absorptionsspektrum von Didym- 
glasem bei verschiedenartiger Zusammensetzung des Grundglass. 

* H. P. Gage: J. Opt. Soc. America, 17 , 4, 12 (1928), Glass Color Filters. 

‘ K. S. Gibson, et al: Bur. Standards, Tech. Paper, No. 148 (1920). The Ultra Violet 
and Visible Transmission of Various Colored Glasses. 

* D. T. H. Shaw: J. Am. Ceramic Soc., 14 , ii (1931). Color Formation in Raw Lead 
Glazes. 

^A. C. Hardy: J. Opt. Soc. America, 18 , 2, 94 (1929). A Recording Photo-electric 
Color Analyser. 
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Table I 


Details of Rare Earth Glazes 


No. 

Composition 

Batch Weight 

CH 

Description of color 

(A) 

Ce208 Series 

Pb 304 

Si 02 

Ce*(C 204 ) 9 H 20 


228 

PS—.001 Ce208 

9.9 

2.6 

.0306 

.0316 

Yellowish ivory, B & S 

229 

PS—.010 Ce203 

9.9 

2.6 

.3060 

.1000 

Light yellow, B & S 

230 

PS—.040 Ce208 

9.9 

2.6 

1.2240 

.2000 

Mottled peach, B & S 

231 

PS—.100 Ce203 

9.9 

2.6 

3.0600 

.3160 

Peach brown, Cryst. 

(B) 

Pr203 Series 

Pb 304 

Si 02 

Pr 2 (S 04)3 



232 

PS—.002 Pr203 

9.9 

2.6 

.0494 

.0447 

Ivory white, B & S 

233 

PS—.010 Pr203 

9.9 

2.6 

.2470 

.1000 

Ivory white, B & S 

234 

PS—.100 Pr203 

9.9 

2.6 

2.4700 

.3160 

Ivory green, B & S 

(C) 

Nd203 Series 

Pb 304 

SiOj Nd 2 (C 20 «) 

39H20 


235 

PS—.001 NdaOa 

9.9 

2.6 

.0309 

.0316 

White, B «& S 

236 

PS—.010 Nd203 

9.9 

2.6 

.3090 

.1000 

White, B & S 

237 

PS—.040 Nd203 

9.9 

2.6 

1.2360 

.2000 

P. Pink, B & S 

238 

PS—.080 Nd203 

9.9 

2.6 

2.4720 

.2830 

Pink, separations on 







white B & S 

(D) Di203 Series 

Pb 304 

Si02 

Di2{C204)8 9H2O 

239 

PS—.002 Di203 

9.9 

2.6 

.624 

.0447 

White, B & S 

240 

PS—.010 Di208 

9.9 

2.6 

•3115 

.1000 

IVhite, B & S 

241 

PS—.050 Di203 

9.9 

2.6 

1*557 

.2240 

White, B & S 

242 

PS—.100 Di203 

9*9 

2.6 

3*115 

.3160 

White, B & S 

(E) 

Sm208 Series 

Pb 304 

Si 02 

Sm2(C204)8 9H2O 

2 54 

PS—.001 Sm203 

9.9 

2.6 

.0314 

.0316 

White, B & S 

244 

PS—.010 8111203 

9.9 

2.6 

.3140 

.1000 

White, B & S 

245 

PS—,080 Sm203 

9.9 

2.6 

3-1421 

.2830 

Light yellow, cryst. 
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III. Study of Absorption Spectra 

In contrast with the smooth continuous spectro-reflecting curves of most 
other elements, the rare earth glazes exhibit a number of minima in their 
reflecting curves. Since rare earths are known for their selective absorbing 
power of light in the visible spectrum, the minimum points can only be 
attributed to the presence of the absorption bands at the particular wave 
length in question. This leads naturally to a comparison of the absorption 
bands of aqueous solutions with the minima of these spectro-reflecting curves. 

In Table II there are shown the principal absorption bands of nitrate 
solutions of cerium,* of praseodymium, as given by Hofmann and Hoschele,® 
of neodymium, as given by Hofmann*® of didymium, as given by Purvis,*^ 
and of samarium, as given by PrandtP^ listed side by side with the minima 
in the reflecting curves of the various glazes at their respective wave lengths 
in millimicrons. 

Table II 

Absorption Spectra of Aqueous Solution and Glaze. 

Wave Lengths in Millimicrons 


Ce 


Pr 


Nd 

Di 



Sm 

Aqu. 

Sorn Glaze 

Aqu. 

Sorn 

Glaze 

Aqu. 

SoJ’n 

Glaze 

Aqu. 

Sm’n 

Glaze 

Aqu. 

Sol’n 

Glaze 








418 

420 



440 '"^ 

427 

w 

444 

427 


442 ‘‘^ 



442 


444 ^ 




46 g 

465^^ 

469 

470'*' 

469 


463'* 




480'" 

475 


476*^ 

486"^ 

460 


481” 



480^ 

t8o 









500 





509 

525® 

510^ 




528^^ 



532” 

531’^ 

530 

530 

560’^ 




572 


570 

587® 

560 

580 585” 

592 *" 

592''* 

578*^ 

585^ 

590 

596^^ 




597 



635"^ 

623^^ 

645"^ 






677 

690^ 


690^^^ 



s = strong 

w 

= weak 

v.w. = 

= very weak 






® Determined in the Optical Laboratory of the Massachusetts Institute of Technology 
with a Zeiss Comparator spectroscope using a saturated solution of cerium nitrate. 

® Hofman and Hdschele: Ber., 47,238 (1914). Das Magnesiumchlorid als Mineralisator, 
mit einem Beitrag zur vSpektrochemie der seltenen Erden. 
i®K. A. Hofmann: “Anorganische^Chemie,” 503-4 (1928). 

Purvis: Proc. Cambridge Phil. Soc., 21, 781 (1923). The Absorption Spectra of 
Didymium Salts. 

“ Pradtl: Z. anorg. allgem. Chem., 116, 96 (1921). Tiber das Absorptionsspektrum des 
Europiums und des Samariums. 
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It is to be noted here that didymium is not a single element. It consists 
of several elements, among which, we can definitely identify two as praseo¬ 
dymium and neodymium. Its absorption bands as shown above, are com¬ 
posed mainly of those of Pr and Nd. It is included in this investigation for 
the purpose of studying the effect of the mixture of closely related elements 
on absorption spectra and color formation. In fact, it is probable that none 
of the rare earths, even though stated to be chemically pure, are free from 
small amounts of other rare earths. It is possible that the rather indistinct 
bands shown by cerium are not characteristic of this element, but are due 
to contamination by neodymium. 

IV. Conclusioii 

An examination of the preceding table will show that on the whole, the 
positions of the bands in the glaze agree well with those in an aqueous solu¬ 
tion. Narrow and faint bands would probably not be recorded by the spec- 
tro-photometer as usually set for high speed recording, which accounts for 
the absence of some of the bands in the reflecting curves. The good agree¬ 
ment suggests a ready way of detecting and identifying the rare earths in 
a glaze by simply taking its spectro-photometric reflecting curve, and noting 
if there are minimum points in it. Table III, given below, shows the strong 
and characteristic absorption bands of the various elements by which they 
can be easily identified. For glass, the transmission rather than the reflec¬ 
tion data would of course be used for this purpose. 


Table III 

t'haracteristic Bands. Wave Lengths in Millimicrons 
Ce Pr Nd Sm 


585 

592 


525 

585 


470 

560 


It is noteworthy that the absorption characteristics of the rare earth atoms 
are not appreciably altered in the change from an aqueous solution to a sili¬ 
cate glass. 


Laboratory of Ceramics 
Massachusetts Instituie of Technologyj 
Cambridget Mass, 

September 1931, 



ALCOGEL OF SILICIC ACID 


BY BASRUR SANJIVA RAO AND K. S. GURURAJA DOSS 

Attempts to replace water by alcohol in the hydrogel of silicic acid have 
given contradictory results. Graham^ considered the complete replacement of 
water by alcohol possible, while Neuhausen and Patrick^ could not secure 
complete replacement and concluded that the residual small percentage of 
water in silica gel is held with a force which exceeds that exhibited between 
atoms of many stable compounds. Firth and Purse® found the replacement 
more complete by a dynamic method than by the static method adopted by 
Neuhausen and Patrick, the final water content of a sample of gel being 0.57%. 
They concluded that under the most suitable conditions, ultimate replace¬ 
ment was not impossible. 

Results of a comparative study of three methods of replacement of the 
water in silica by alcohol are described in the present communication. 

Experimental 

The silica gel employed in the work was prepared by a method which 
according to Firth and Purse yields a gel showing the best replacement. 
To a solution of pure sodium silicate, having a density 1.118, was added an 
equal volume of 3 N hydrochloric acid and the gel allowed to set at the room 
temperature. The gel was then washed free from sodium chloride and dried 
at ioo®C. The moisture in the gel was 6.8%. 

The alcohol used was refluxed with barium oxide, distilled and then treated 
similarly with metallic calcium till the product was found to be “absolute.^’ 

The three methods of replacement employed were: 

(a) The **siatic^^ method: One gram of the gel was immersed in 500 cc. of 
absolute alcohol. The stoppered “ether’’ bottle containing the alcohol and 
gel was placed in a desiccator charged with phosphorus pentoxide. The bottle 
was occasionally shaken. The alcohol was replaced three times by fresh 
supplies at intervals of two days. 

(b) The '^dynamic'' method: The method described by Firth and Purse 
was followed. 

(c) The Soxhlet extraction method: The gel was placed in the alundum 
thimble of a Soxhlet apparatus and extracted with absolute alcohol. The 
alcohol was maintained in the anhydrous state by the addition of pure metallic 
calcium to the flask. A guard tube of barium oxide protected the alcohol from 
atmospheric moisture. 

1 J. Chem. Soc., 17, 318 (1864); Pogg. Ann., 123, 529 (1864). 

* J. Am. Chem. Soc., 43, 1844 (1921). 

» J. Phys. Chem., 30 , 617 (1926). 
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For the determination of the water in the alcogel, Firth and Purse used 
samples having 25 to 30% alcohol. We found that the relative proportions of 
water and alcohol could be more accurately determined if the alcoholic con¬ 
tent of the sample used for analysis, was reduced to about 8% by heating the 
gel at i8o®C. in a current of pure and thoroughly dried nitrogen. The total 
volatile matter in the gel (alcohol + water) was determined by ignition of the 
gel to constant weight at blast lamp heat. The alcohol content was esti¬ 
mated by the usual combustion methods of organic chemistry and the per¬ 
centage of water in the gel got by difference. We thus obviated the difficulty 
in securing the complete removal of water from the gel in the combustion boat 
—a process which requires very strong heating. 


Results 


Method of 
production 

wt. of gel 
combusted 

wt. of COi 

% of Eton 

% loss on 
ignition 

% of water 
in gel. 

of alcogel 

“d3naamic” 
(76 hours) 

0.5881 

0.4279 

0.0988 
0.0714 

8.8 

8.7 

8.75 

94 

0.65 

“static” 

(8 days) 

0.3906 

0.4856 

0.0944 

0.1227 

13-3 

13-2 

13-25 

13-55 

0.30 

“Soxhlet” 

Gel A 
(69 hours) 

0.2128 

0.3188 

0.0283 

0.0421 

6.9s 

6.93 

6.94 

7-15 

0.21 

GelB 
(S3 hours) 

0.3220 

0.2330 

0.0419 

0.0304 

6.92 

6.82 

7.21 

0.39 


Discussion 

The gel employed by us appears to have been of the same quality as that 
used by Firth and Purse since, on replacement of water by the dynamic 
method, residual water in the gel was 0.65% while in an identical experiment 
Firth and Purse got a gel with 0.57% water. 

Our experiments confirm the view of the authors that the ^‘dynamic” 
method gives a more rapid elimination of water than the ‘^static'^ process. 
The superiority of the dynamic method can be easily accounted for. In this 
process of replacement of water, the distribution of water between the liquid 
in the gel and the alcohol-saturated air passed over it, causes an effective loss 
of water as the volume of air passed is very considerable (450 litres in 3 days— 
the rate of air flow in our experiments being 100 cc. per minute). In the 
'‘static'' experiments, however, the water in the gel gets distributed over a 
comparatively small volume—the volume of alcohol used by Firth and Purse 
being only 150 cc. per gram of gel, the replacement being repeated three times. 
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Furthermore, the flow of air over the gel surface would reduce the thickness 
of the stationary film and thus lead to greater efficiency. 

In our experiments we used a much larger volume of alcohol (500 cc. 
per gram of gel) and we were able t o secure a greater replacement—the final 
product having only 0.3% water. 

Of the three methods employed for replacing the water in gel, the extrac¬ 
tion method adopted by us seems to be the best in point of efficiency and con¬ 
venience. In our experiments the Soxhlet used to siphon out once in 20 minutes, 
thus the quantity of absolute alcohol that came in contact with the gel was 
about 40 litres. That the water content could not be reduced to below 0.2% 
in spite of the contact of the gel with 40 litres of absolute alcohol shows how 
difficult is the ultimate replacement of water. 

Summary 

(1) Three methods of replacing the water in silica gel by alcohol have 
been examined. 

(2) The most convenient method has been found to be the extraction of 
the gel with absolute alcohol in a Soxhlet apparatus. This gave a final 
product having "]% alcohol and 0.21‘X water. 

(3) The ultimate replacement of the water in silica gel by alcohol is 
extremely difficult. 
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THERMAL REACTIONS OF CYCLOPARAFFINS 
AND CYCLOOLEFINS* 


BY GUSTAV EGLOFF, HARRY T. BOLLMAN, AND BADONA L. LEVINSON 

L Introduction 

A field of hydrocarbon chemistry but lightly explored, particularly from 
the viewpoint of pyrolysis, both catalytic and non-catalytic, is that of the 
naphthenes or hydrogenated cyclic hydrocarbons. This is true despite the 
fact that naphthenes are available in enormous quantities from petroleum. 

The world’s crude oil production for 1930 was 1,418,723,000 barrels. A 
conservative estimate indicates that one-fourth of this vast volume is made up 
of naphthenic hydrocarbons. 

^^Naphthene” was the term applied to certain hydrocarbons obtained from 
petroleum by MarkownikofT and Ogloblin in 1876 (47). The empirical 
formula C'„H2n classed the simple naphthenes with the olefins, yet the chemical 
properties of the two groups were quite different. The naphthenes isolated 
were the five- and six-membered hydrogenated cyclic hydrocarbons which 
were chemically stable, not reacting readily with concentrated sulfuric acid, 
nitrating mixture, or halogens. 

The widespread occurrence of naphthenes in petroleum has led to their 
identification in crude oils from many parts of the world. The naphthenes 
identified in crude oil include cyclobutane, cyclopentane, methylcyclopentane, 
cyclohexane, methylcyclohexane, three dimethylcyclohexanes, trimethyl- 
cyclohexane, cycloheptane, cyclooctane, decanaphthenes, hendecanaphthenes 
and naphthenes with 13 to 26 carbon atoms. Some of these naphthenes are 
monocyclic while others are polycyclic. 

Gruse (28) classified crude oils into hydrocarbons of the paraffinic, aro¬ 
matic, and asphaltic types, the naphthenes being present in varying propor¬ 
tions in all classes of petroleum. Using the triangular diagram. Fig. i, he 
illustrated the probable composition of crude oils. 

Sachanen and Wirabianz (58) classified the various petroleums according 
to their hydrocarbon groups. The percentage composition of the 250 to 300® 
fraction from the distillation of the different classes of petroleum was given 
as in Table I: 

^Presented before the Organic Division of the American Chemical Society, Buffalo, 
September, 1931. 
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Crude Oil 

Table I 

ParaflRns 

Naphthenes 

Classification 


(Percents) 

ParaflSnic 

46-61 

22-32 

Paraffinic, Naphthenic 

42-45 

38-39 

Naphthenic 

15-26 

61-76 

Paraffinic, Naphthenic, Aromatic 

25-35 

36-47 

Naphthenic, Aromatic 

0-8 

57-78 


Aromatics 

12-25 

16-20 

8-13 

26-33 

20-35 


They reported compositions for Russian, Texas, Oklahoma and California 
petroleums as in Table II. The crude oils were distilled and the dififerent 
fractions analyzed for hydrocarbon group composition. 


Table II 

Russian Gbozny Crude 
“Springerol” 


“High Paraflan” “Low Paraffin” 

4.S-3% over at 300°_ _4.3-9% over at 300° 


“C 

Aromatic 

Naphthene 

Percent 

Paraitin 

Aromatic 

Naphthene 

Percent 

Paraffi 

60-95 

3 

25 

72 

5 

26 

69 

95-122 

5 

30 

65 

8 

31 

61 

I22-I50 

9 

35 

56 

13 

36 

51 

150-200 

14 

29 

57 

18 

34 

48 

200-250 

18 

23 

59 

18 

30 

52 

250-300 

17 

22 

61 

21 

28 

51 
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Table II (Continued) 

**Paraffin Free^^ 

**Lower Level, Light OH” “Upper Level, Heavy Oil“ 

_ 45.4% over at 300*^ _ 40.9% over at 300** 

®C Aromatic Naphthene Paraffin Aromatic Naphthene Paraffin 


60-95 

S 

PCTcent 

26 

69 

4 

Percent 

31 

65 

95-122 

8 

33 

59 

8 

40 

52 

I22-I50 

13 

38 

49 

13 

52 

35 

150-200 

18 

39 

43 

21 

55 

24 

200-250 

24 

40 

36 

26 

63 

II 

250-300 

28 

37 

35 

35 

57 

8 


Texas Crude 


Mexia 

47 » 9 % over at .^00° 



®C. Aromatic 

N^hthene 


Paraffin 




Percent 




60-95 

29 

17 


54 


95-122 

21 

22 


57 


I 22-150 

19 

23 


58 


150-200 

16 

21 


63 


200-250 

12 

20 


68 


250-300 

12 

29 


59 


Oklahoma Crude 



California Crude 


Davenport 



Huntington Beach 


64% over at .^00 

0 



.^4.2% over at 300® 

°C. 

Aromatic Naphthene 

Paraffin 

Aromatic Naphthene Paraffin 


Percent 




Percent 

60-95 

5 21 

73 


4 

31 65 

95-122 

7 28 

65 


6 

48 46 

122-150 

12 33 

55 


II 

64 25 

150-200 

16 29 

55 


17 

61 22 

200-250 

17 31 

52 


25 

45 30 

250-300 

17 32 

51 


29 

40 31 


The volume of gasoline distilled from crude oil under atmospheric pressure 
in the United States during 1930 contained approrimately 54,000,000 barrels 
of naphthenic hydrocarbons. 

A number of straight-run gasolines derived from different crude oils were 
analyzed for their hydrocarbon content (Table III). The low-boiling naph¬ 
thenic members present ranged between one and forty-one percent. The 
naphthenes in gasoline have special significance because of their high anti¬ 
knock or low detonating characteristics when burned in automobile engines. 
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Table III 

Chemical Analyses of Straight-Run Gasolines 
(Percents) 


Gasoline source 

Naphthenes 

Aromatics 

Unsaturates 

Paraffins 

Pennsylvania^ 

13.0 

6.9 

2.2 

77-9 

Pennsylvania 

1.2 

4.2 

2.3 

92.3 

Pennsylvania 

234 

0.0 

1-3 

75-3 

Pennsylvania 

23.2 

0.0 

4.0 

73-6 

Pennsylvania 

II.7 

4.9 

2.9 

80.5 

Oklahoma (Cushing)^ 

23-7 

4.9 

1.6 

69.8 

Oklahoma (Cushing) 

17.9 

3-6 

3-7 

74.8 

Oklahoma (Cushing) 

26.2 

0 0 

2.9 

70.9 

Oklahoma (Seminole) 

23.0 

4.5 

3-4 

69.1 

Kentucky 

23.1 

2.8 

5.8 

68.3 

Kentucky (Somerset)^ 

20.6 

5.3 

3.8 

70-3 

California 

34-9 

2.8 

5 .1 

57-2 

California 

41.2 

0.8 

2.3 

SS -7 

Kansas 

20 3 

0.4 

2-7 

76.6 

Arkansas (Smackover) 

14.5 

II -3 

7.9 

66.3 

Texas (Refugio) 

23.1 

8-7 

2.2 

66.0 

Texas 

27.4 

6.0 

3.2 

69.4 

Texas 

25.8 

2.5 ■ 

3.2 

68.5 

Texas 

24.7 

1.2 

3-7 

70.4 

Texas (Van Zandt) 

0.0 

2.9 

1.7 

95-4 

Michigan (Mt. Pleasant) 

7 4 

4.5 

2-9 

85.2 


It will be noted from the above that gasolines derived from the same oil 
field vary quite widely in hydrocarbon group content. 

The cracking process is also producing vast volumes of naphthenic hydro¬ 
carbons boiling within the gasoline range. The cracking of petroleum oils 
produced over 30,000,000 barrels of naphthenes during the year 1930 which 
were consumed in high anti-knock motor fuel. 

Table IV shows the percentage of naphthene, aromatic, unsaturated, and 
paraflSn hydrocarbons present in various gasolines produced from the crack¬ 
ing process. 

The discussion of the thermal reactions of the cycloparaffin and cycloolefin 
hydrocarbons is introduced by the simplest of the cyclic saturated hydro¬ 
carbons, cyclopropane. Following this, the hydrocarbons increase in both 
number of carbon atoms in the ring and in the complexity of the molecule. 
This complexity of the known hydrocarbons reaches a maximum in the poly¬ 
nuclear compounds and the higher homologs of simple ring compounds, such 
as cyclohexane. 

^Egloff, Nelson, Truesdell: Oil & Gas Journal, 38, (Feb. 12, 1931). 

* Elgloff: World Power Conference, London (1928). 

^Egloff, Nelson, Truesdell: Oil &, Gas Journal, 139, (Feb. 19, 1931). 
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Table IV 

Chemical Analyses of Cracked Gasolines 


(Percents) 


Gasoline source Naphthenes 

Aromatics 

Unsaturates 

Paraffins 

Arkansas (Smackover) 

143 

29.3 

13-4 

430 

Arkansas (Smackover)^ 

21.2 

27 -S 

14-7 

36.6 

California 

17.2 

20.7 

17.2 

51-8 

California 

16.7 

22.0 

23.0 

38.3 

Kansas 

12.8 

17.8 

16,1 

S 3-3 

Kentucky 

18.8 

26.0 

12.5 

42.7 

Kentucky 

II. I 

295 

9.6 

49.8 

Kentucky^ 

10.0 

22.5 

14.4 

53-1 

Kentucky (Somerset)^ 

II .8 

14.9 

12.5 

60.8 

Michigan (Mt. Pleasant) 

3 I 

33 5 

25-9 

375 

Oklahoma 

II .6 

23 -9 

6.5 

58.0 

Oklahoma 

14.2 

23.0 

9-4 

53-4 

Oklahoma 

12.2 

28.8 

9*3 

49-7 

Oklahoma 

0.0 

32.9 

32.2 

34-9 

Oklahoma (Cushing)' 

18.0 

19.8 

10.9 

SI -3 

Pennsylvania 

13.8 

29.0 

11.0 

46.2 

Pennsylvania 

13-4 

12.0 

6.0 

68.6 

Pennsylvania 

10.2 

23 -5 

9-7 

56.6 

Texas (Cole Bruin) 

273 

26.9 

19.9 

2 S -9 

Texas (Mirando) 

34.0 

234 

17.1 

2 S-S 

Texas (North)' 

II.7 

18.6 

16.0 

S 3-7 

Texas (Refugio) 

25.0 

32.8 

30.0 

12.2 

Texas (Spindletop) 

32.6 

173 

14.7 

3 S -4 

Texas (West) 

16.8 

38.5 

27.1 

17.6 

Texas (West) 

38.6 

24.7 

17.6 

19.1 

Texas (Van Zandt County) 

0.0 

35-2 

22.2 

42.6 

Wyoming (Lander) 

10.0 

20.2 

II .6 

S 8.2 

Wyoming (Lost Soldier)' 

14.S 

159 

II.7 

S 7-9 

Argentina 

9.9 

25.0 

16.6 

48.5 

Canada (Wainwright) 

13.2 

24.7 

18.6 

43 -S 

Esthonia Shale Oil 

8,6 

44.2 

30 s 

16.7 

Germany (Wietzer) 

12.5 

25.8 

10.7 

Si-o 

Mexico (Ebano) 

159 

22.6 

13.8 

47-7 

Roumania 

II .6 

23*9 

139 

SO.6 

Venezuela 

14.7 

25.2 

14.7 

42.6 

Venezuela (Mene Grande) 

132 

24.0 

20.3 

42. s 


^ Egloff: World Power Conference, London (1928). 
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Tabular summaries showing the reactions of the individual hydrocarbons 
are placed at the end of certain sections. The contact time, an important 
factor, has been omitted because of uncertainty in almost all of the experi¬ 
ments. Where possible, the contact time has been included in the remarks 
upon the hydrocarbon. 

2 . Theory and Mechanisms 

One relationship in the stability of the cycloparaffin rings may be obtained 
if it is assumed that Baeyer^s (lo) strain theory applies to these hydrocarbons. 
Although ^^strainless rings,” stable substituted cyclopropanes, and very large 
monocyclicparaffins have been found, a qualitative comparison of ring stabil¬ 
ity may be shown by the strain theory. It is claimed by Shemyakin (63A), 
moreover, that Baeyer’s strain theory applies to carbon rings containing less 
than five members, for it is impossible to arrange the atoms so as to avoid 
strain. If the carbon atom is considered as a tetrahedron, it is evident that 
the angles at the four comers are each 109® 28'. The difference between this 
value and the angle between valence bonds in a ring structure is an index of 
the stability of the ring. Thus, any ring possessing a large difference in value 
of the angles between carbon atoms and the theoretical angle, is under a 
‘^strain,” and hence in an unstable condition. Thus for trimethylene or 
cyclopropane the difference between angles, or the '^strain,” is 24® 44'. These 
values vary with different rings, the five- and six-membered rings showing 
the least strain. Increasing the number of carbon members in the ring to 
more than six decreases the stability of the hydrocarbon. 

The stability of the rings may be compared by their action over a metal 
catalyst in the presence of hydrogen. A more direct comparison could be 
obtained by the non-catalytic pyrogenation of all the ring hydrocarbons 
under like conditions. Since cyclopropane and cyclohexane, however, are 
the only hydrogenated cyclic hydrocarbons which have been studied non- 
catalytically under similar conditions, such a comparison of the complete 
series of these hydrocarbons is at present impossible. For this reason we must 
resort to the qualitative relationship shown in the following discussion. 

Both cyclopropane and cyclobutane were reduced by Willstatter and 
Bruce (82) by passing the compounds over nickel together with hydrogen, at 
80 to 120® and 180 to 200® respectively, until no further volume reduction was 
found. Propane and n-butane were produced. 

Cyclopentane, passed over platinum black at temperatures up to 300®, 
was not dehydrogenated according to the work of Zelinsky (85). 

Cyclohexane was passed over nickel in the presence of hydrogen at 270 
to 280® by Sabatier and Senderens (60), who obtained benzene and methane 
as products. 

Cycloheptane was flowed over nickel with hydrogen at 230® until no 
further change could be observed. The experimenters, Willstatter and 
Kametaka (81), found the product of the action to be methylcyclohexane. 

Cyclooctane at 205 to 210® over nickel in the presence of hydrogen, gave 
a mixture of dimethylcyclohexane and perhaps a small amount of alkyl- 
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cyclopentanes. Bicydooctane under similar conditions was reduced to a 
mixture of isomeric monocyclooctanes. A summary of these comparative 
data is given in Table V. 

Table V 

Naphthenes with Hydrogen and Nickel Catalyst 


Naphthene 

Temp. 

Time 

Substance 

Type of 


Obtained 

Sciasion 

Cyclopropane 

80-120® 

Treated 

Propane 

c-c 

Cyclobutane 

180-200® 

until 

n-butane 

c-c 

Bicyclooctane 

205-210® 

no 

Mono-cyclodctanes 

c-c 

Cyclooctane 

205-210® 

further 

(Dimethylcyclohexane 

c-c 



change 

Alkyl-cyclopentanes) 


C^ycloheptane 


took 

Methyl-cyclohexane 

c-c 

Cyclohexane 

270-280® 

place 

Benzene and CHi 

c-c, C-H 

Cyclopentane* 

300® 


Unchanged 

None 


"■platinum black catalyst. 


Although the conditions of the experiments varied with respect to temper¬ 
ature, all the runs were made with excess hydrogen and a suflBcient contact 
time to insure complete reaction. If temperature and decomposition are taken 
as an index of stability, cyclopropane is apparently the most unstable of these 
compounds. Cyclobutane, cyclodctane and cycloheptane are next in order 
of stability. Cyclohexane follows, exhibiting some carbon-carbon scission 
judged from methane formation, while cyclopentane is unchanged under the 
above conditions and is, therefore, the most stable. 

Jones (38) obtained from 40 to 80 percent of hydrogen in the gaseous 
products of decomposition of cyclohexanes and hydronaphthalenes, as shown 
later. He made the following comparison of these results with those of other 
investigators on open-chain paraflSns, of which n-hexane was representative, 
and on benzene. 

*'Haber (30), for instance, has pointed out the difference in behaviour be¬ 
tween these two classes of compounds when subjected to thermal decomposi¬ 
tion. Whereas with paraffins of more than two carbon atoms, scission takes 
place between carbon and carbon, with aromatic hydrocarbons it takes place 
between carbon and hydrogen. Haber quotes as examples benzene and 
n-hexane. Benzene, when heated, decomposes with some difficulty with loss 
of hydrogen and formation of diphenyl; hexane decomposes with greater ease, 
the bond between two end-carbon atoms being ruptured with the resulting 
formation of amylene and methane. 

“The results obtained with cyclohexane, which on decomposition yields 
gaseous mixtures containing 40 percent of hydrogen, afford a striking contrast 
to those obtained with hexane and the higher paraffins generally, from which 
little or no hydrogen is formed.^’ 

Considering the action that Jones (38) finds for cyclohexane, he says: 
“Contrary to expectations, it is found that with the cyclohexanes there is a 
marked tendency to eliminate hydrogen. There must, therefore, be some 
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fundamental difference between these hydrocarbons and the open-chain 
parafiins insofar as the stability of their carbon-hydrogen linkings are con¬ 
cerned/' 

Continuing, Jones writes: ^The distinction between these two classes of 
hydrocarbons is made apparent by the results of Zelinsky (85) from which it 
would also appear that hydrocarbons of five- or seven-carbon ring-systems 
resemble paraffins rather than cyclohexanes as regards the stability of their 
carbon-hydrogen linkings. Zelinsky shows that, whereas cyclohexanes readily 
part with their hydrogen when in contact with palladium at temperatures 
between 200 and 300®, n-hexane, the cyclopentanes and the cycloheptanes re¬ 
main unchanged. We are thus driven to infer that the cyclohexanes, hydro¬ 
genated naphthalenes, and, we may assume, hydrogenated aromatic com¬ 
pounds generally, retain in some form or other their aromatic structure, or 
that they possess some form of linking differing fundamentally from that of 
other carbocyclic and open-chain systems. 

“These structural differences cannot be expressed by ordinary graphic 
formulae, which are based on the assumption that the four carbon valences 
are permanently equal. If the CHr-group of an open chain or of a five- or 

HH 

\/ 

seven-carbon ring be represented by the graphic formula — C~, the C"H2- 
group of a six-carbon ring must be represented by some other graphic formula 
in which one or both of the carbon-hydrogen bonds are represented as having 
some other value than that ordinarily assigned to them. That hydrogenated 
benzenoid hydrocarbons cannot, however, be regarded as retaining an aro¬ 
matic structure almost intact, with six extra atoms of hydrogen loosely at¬ 
tached, is demonstrated by the fact that scission of the carbon-carbon bonds 
takes place apparently with much the same ease as the scission of the carbon- 
hydrogen bonds, as deduced from the presence of ethylene, methane, etc., in 
the gaseous products of decomposition." 

Jones concludes that “comparison with the results of other investigators 
(2) suggests that the most probable course of the reaction would be for the 
cyclohexane first to lose two atoms of hydrogen and form cyclohexene, which 
then decomposes in two ways, yielding benzene and butadiene." 


Mechanism for Cyclohexane Decomposition 

CH2=CH~CH = CH2 + CH2=CH2 
1,3-Butadiene Ethylene 

H2 H 




H2 

H2 


H2 

H2 


H 

H2 


\ 


H 


H 

,/% 


Hs 

Cyclohexane 


Cyclohexene 


H 


H 

Benzene 


H 

H 
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As pointed out by Jones, the decomposition of cyclohexane appears to be 
intermediate between n-hexane and benzene, if Haber is accepted as correct, 
while Zelinsky definitely shows that cyclohexane decomposes much more 
easily than n-hexane in the presence of palladium. 

Ipatiev (35) supported the view that n-hexane was less stable than 
cyclohexane; for, if each of these hydrocarbons was heated in a bomb at 510® 
in the presence of an alumina catalyst, n-hexane decomposed violently and 
exploded the bomb, whereas cyclohexane decomposed quite smoothly. 

Brooks and Humphrey (ii) in studying the cracking of high boiling 
distillates of petroleum made these statements with regard to the relative 
stability of paraffins and naphthenes: 

“In cracking commercial paraffins, we were surprised to find that this 
material is more difficult to decompose than light lubricating oil which is 
composed almost exclusively of naphthenes and pol3maphthenes. While the 
simpler naphthenes whose constitutions are known, such as cyclohexane and 
methylcyclopentane, are apparently more stable to heat than normal para¬ 
ffins, and have been found among the products resulting from heating simple 
paraffin hydrocarbons under pressure, (Engler: Das Erdol), the instability of 
the three- and four-membered rings in the terpene series is well established. 
The properties of cycloheptane, cyclo-octane, cyclononane and their deriva¬ 
tives are not so well known, but their tendency to rearrange to five and six 
ring systems have been frequently observed. It is probable that the relatively 
greater ease of cracking petroleum naphthenes such as constitute much the 
greater part of light lubricating oil, as compared with the cracking of com¬ 
mercial paraffin wax of substantially the same average molecular weight and 
boiling range, is to be interpreted as indicating that these high boiling naph¬ 
thenes belong to series other than of five- or six-membered rings. The be¬ 
havior on heat decomposition of naphthenes of known constitutions such as 
cyclooctane, cyclononane, or their derivatives is not known.'' 

Jones and Wheeler (39) obtained aromatic products at 350° by distillation 
of the following type of compounds in vacuo. They point out that the 
temperature is less than that necessary to split off hydrogen. They assume 
this reaction: 



H 


H H 
/\-/\ 


H 




H H 


IH 


+ RH 


Brooks and Humphrey suggest that the action is probably similar to that 
found for their ssmthetic “phenyl-paraflin.” 

CioHyCnHjn+i —* CioHg "f" CnHjn (Olefin or naphthene) 

The conclusions of Brooks and Humphrey as to the identity of the higher 
naphthenes do not, however, consider the possibility of cyclohexane or 
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cyclopentane rings with aliphatic side chains. The long side chains may 
account for the relative ease of decomposition of the higher boiling light 
lubricating-oil stock. 

There seems to be evidence that n-hexane and cyclohexane reverse their 
order of stability under certain conditions. As Jones points out, however, 
there seems to be a difference between the — CHrgroups in n-hexane and 
cyclohexane and those in the other polymethylene hydrocarbons, cyclopentane 
and cycloheptane. 

Although the difference in stability of these hydrocarbons under pjrrogenic 
conditions appears to be one of variation depending upon conditions, this 
difference is not apparent from a study of the structure of the compounds. 
As shown in a preceding paragraph, the stability of the rings upon a structural 
basis is such that cycloheptane would be more unstable than cyclohexane, and 
that cyclohexane and cyclopentane would be comparable in stability. The 
stability of n-hexane, cyclohexane and benzene may be compared from data 
reported by Ellis, (22), who finds that the heat of dissociation of the carbon- 
hydrogen linkage is 94,000 cal. for cyclohexane, 97,000 for n-hexane, and 
117,000 for benzene. No data is given for carbon-carbon linkages, however. 

Perhaps the question of stability or ease of decomposition may be answered 
by a study of the stereochemistry of the hydrocarbons in question. n-Hexane, 
cyclohexane, cyclopentane. and cycloheptane are apparently not alike in 
spatial relations, although the action of cyclopentane and cycloheptane over 
palladium at the same temperature indicates a possible similarity in structure. 
The relation of cyclohexane to benzene in the pyrogenic reaction can perhaps 
be explained by the spatial relations of the atoms or by an assumed stabilizing 
or unstabilizing effect of hydrogen atoms added to the basic aromatic structure. 

Catalysis in the pyrolysis of cyclohexane and closely related compounds 
has been extensively studied. The metals useful as catalysts are Pd, Pt, Ir, 
Rh, Cu, Co, Ni, Fe, Zn, Os, and Ru. These metals were found to have 
structures which make them particularly useful for dehydrogenation. The 
‘^multiplet hypothesis^^ of Balandin (3), however, correlated with results of 
experiments to be described later, indicated that: 

(1) Cyclopentane and cycloheptane, being five- and seven-membered 
rings, should not be dehydrogenated by metal catalysts. 

(2) Cyclohexene and cyclohexadiene should not be obtainable as prod¬ 
ucts of partial catalytic dehydrogenation of cyclohexane. 

(3) Di-substituted cyclohexanes should not be dehydrogenated by metal 
catalysts when the substituted groups are attached to the same carbon atom. 
This ^^multiplet theory,’’ which is fundamentally the same as the “spacing 
theory” of Langmuir, Adkins, and Burk, is based upon the crystal structure 
of the metal catalysts. 

A quantitative study of the dehydrogenation of decalin with catalysts was 
made by Zelinsky and Balandin (94), with the purpose of developing a new 
theory of heterogeneous catalysis. This theory, announced later by Balandin, 
was the “multiplet hypothesis” mentioned above. Platinized activated char¬ 
coal was three and one-half times as effective in the catalysis of CioHig to 
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CioHg + 5H2 as was platinum when deposited on asbestos. Arrhenius’ formula 

K = Koe-'*/®^ 


applied up to 270® where decomposition of the decalin occurred, and the 
carbon formed covered the catalyst. The decreased catalytic action beyond 
that point affected only the Ko and not the activation energy, Q. Comparison 
of the coefficients Ko and Q, calculated for the systems cyclohexane-palladium, 
cyclohexane-platinum and cyclohexane-nickel, showed that the activation 
energy Q, and the temperature coefficient of the reaction velocity K, depended 
not on the nature of the substance catalyzed, but only on the nature of the 
catalyzer used. In general, Q was 18,725 cal. per gram-mol for Pt, 15,780 
for Pd, and 9,850 for Ni. With nickel as a catalyzer the reaction also followed 
Arrhenius’ formula up to about 270°, but above this temperature the gas 
yield increased instead of decreasing as with platinum. The increase was 
attributed to side reactions, for at 240° the gas was pure hydrogen while at 
270“ it contained 8.3 per cent of methane. In the presence of platinum the 
gas was pure hydrogen even at 333®. Dehydrogenation, which in this case 
transforms a single carbon-carbon bond into a double bond, can be regarded 
as a process of increasing the distance between carbon atoms by the action of 
a catalyzer. The influence on dehydrogenation of the time of contact between 
the hydrocarbon and the catalyzer, and of the addition of one of the reaction 
products, indicated that adsorption plays an important part in the kinetics 
of dehydrogenation catalysis. 

Balandin (4) studied the kinetics of the action CioHw = CioHg + 5H2 at 
a temperature of 228 to 277® in the presence of osmium. Addition of the re¬ 
action products, naphthalene and hydrogen, was found to have little effect 
upon the speed of the action. At 270® the energy of activation was 10,000 cal. 
per mol, while the energy of activation increased to 16,500 cal. with the in¬ 
crease of activity noted after prolonged use of the catalyst. 

The effect of time and pressure upon catalytic thermal decomposition of 
tetralin and decalin was emphasized by Hugel (33) in a report of work done in 
his laboratory. The most interesting points of the discussion were in the 
assumptions or predictions that were made. A glance at the structure of 
tetralin. 



H Hs 


shows clearly that the hydrogenated ring may disintegrate in several different 
ways by splitting the carbon-carbon linkages at various points or series of 
points. The following free radicals may be formed, then, from the splitting 
of the ring: 

I=CH-CH2-CH,-CH = ], [*CH-CHj-CH = ], [=CH-CH = ], 

and [=CH,]. 
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These radicals, once formed, may behave so as to: 

(1) Dehydrogenate to a more unsaturated radical. 

(2) Hydrogenate to a paraffin. 

(3) Internally satisfy the bonds, such as the formation of butadiene from 
[=CH-CH2-CH2~CH = ]. 

(4) Further decompose, for example 
[=CH-CH2~CH2-~CH = ] -> CH2 = CH2 + 1.5C + .5 CH4 

(5) Disproportionate to form a saturated compound and an unsaturated 
residue or even carbon as 2[ = CH2] —^ CH4 + C. 

(6) Polymerize to hydrocarbons such as 

2[ = CH~CH2-CH-]-->CH2 = CH-CH-CH = CH2 

Hugel postulated that the cracking reaction proceeded first by loosening 
the bonds between carbon and hydrogen atoms, or between carbon atoms, by 
the influence of heat. These loosened bonds could then split into unsaturated 
radicals, as shown above, which react to form primary products. Further 
action may take place to form secondary products. 

Dojarenko (18) compiled data (see Table VII) showing the action observed 
when cyclopropane and cyclobutane hydrocarbons were heated. Considera¬ 
tion of these results led to this generalization: ‘Tsomerization takes place in 
such a way as to form one or more methyl groups, and in the case of three- 
membered rings this methyl group is formed by the moving of a hydrogen 
atom from a central atom to an end carbon atom. By use of this rule it 
would be predicted that diethyltrimethylene would give methyldiethyl- 
ethylene when passed over heated alumina.’^ 

In an earlier paper by Dojarenko (17) a discussion was given leading to 
these conclusions. *The catalyst causes, by the influx of external energy, the 
loosening of a C-C linking, with the formation of intermediate labile forms, 
which give various products depending on the external energy conditions. 
In all cases the final product has a smaller energy content than the initial 
compound, as is shown by the values calculated from Fajans^ and Hiickers 
(32) data for C-C and C-H linking in rings and chains.^^ 

Much of the work upon unsaturated cyclohexane derivatives is found in 
Zelinsky's study of the “specific catalyst." 

The so-called “simultaneous oxidation-reduction" of unsaturated cyclo¬ 
hexane derivatives by passing them over a palladium catalyst takes place at 
temperatures lower than those necessary for dehydrogenation of cyclohexane. 
The action C6H12 = CeHe ■+• 3H2 reaches equilibrium at 200°, and hydro¬ 
genation of aromatic compounds take places at lower temperatures. Zelinsky 
stated that cyclohexene, under the same conditions as cyclohexane, dehydro¬ 
genated much more easily and energetically. 

From the above, it seems probable that the action consists of dehydro¬ 
genating the unstable unsaturated compounds to benzene with the concurrent 
hydrogenation of the benzene to cyclohexane. Since the temperatures em¬ 
ployed are below 200®, it is evident that the equilibrium between benzene and 
hydrogen and cyclohexane is shifted to the formation of the naphthene. That 
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the equilibrium is shifted above 200® to form benzene and hydrogen was 
shown by Zelinsky and Pawlow (100) by heating two mols of cyclohexane and 
one mol of benzene at definite temperatures and comparing the results to the 
action of cyclohexene over the same catalyst and under like conditions. 

The theory and mechanism of the action of cyclopentadiene and cyclo- 
hexadiene has been included in the later discussion of these compounds. 
Similarly, other compounds are discussed in the sections devoted to reactions 
of the specific type of compound in question, and hence are not included at 
this point. 

3 . Cyclopropanes 

The simplest ring possible in the hydrocarbon series is made up of three 
carbon atoms. As previously shown, this ring is the least stable of the cyclic 
compounds, and hence the non-catal3rtic pyrolysis might be expected to pro¬ 
ceed at low temperatures. 

The best temperature for one type of reaction, isomerization, was at 600® 
with a contact time of 50 minutes. At higher temperatures or with a longer 
contact time, a second type of reaction began, i.e., the rupture of the hydro¬ 
carbon with the formation of carbon, hydrogen, ethylene, and other gaseous 
products. 

A. Non-catalytic 

It has long been known that a ‘^dynamic isomerization^^ existed between 
cyclopropane and propylene. Tanatar (71) considered that the isomerization 
was caused by the degradation of the compound with the greater energy to 
that with a smaller energy content. As was later pointed out by Berthelot 
(8), the heat of formation of cyclopropane and propylene was 17.1 and 9.4 cal. 
per mol. respectively. Trautz and Winkler (75) showed this difference to be 
insufficient to permit the application of Nemst^s heat theorem to this isomer¬ 
ization. 

Walkoff and Menschutkin (76) attributed the isomerization observed by 
Tanatar to the presence of propylene as an impurity in the cyclopropane 
used. They found that a purified cyclopropane did not isomerize at a ‘‘red 
heat^' but that an “oxymethylene” and tar were formed. The products ob¬ 
served were undoubtedly formed by the action of air in the pyrolysis tube, 
hence their criticism has very little weight. 

Tanatar (70) replied to Walkoff and Menschutkin in a later paper. He 
repeated the pyrogenic reaction with cyclopropane purified in the same 
manner as that used by Walkoff and Menschutkin. Again, the product ob¬ 
tained was propylene. Tanatar concluded that the observed isomerization 
was the true reaction occurring under his conditions of experimentation. 
When the gas obtained from the pyrolysis was either treated with sulfuric 
acid and hydrolyzed, or oxidized, the formation of isopropyl alcohol and of 
acetone was taken as proof of propylene. It must be remembered, however, 
that cyclopropane reacts similarly to propylene with the usual reagents, such 
as bromine, 2 percent permanganate, or sulfuric acid, showing only a slower 
velocity of reaction. 
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Berthelot (8) heated cyclopropane in a bulb for 20 minutes at 550®. The 
gases formed occupied loi volumes for every 100 volumes of cyclopropane 
used and were made up of 4 volumes of cyclopropane, 76 volumes of propylene, 
7 volumes of ethylene and 14 volumes of saturated hydrocarbons and hydro¬ 
gen. The products indicated clearly that decomposition as well as isomeriza¬ 
tion had occurred. 

Trautz and Winkler (75) in searching for other examples of gaseous mono- 
molecular reactions, studied the isomerization of cyclopropane to propylene. 
The curve. Fig. 2, quoted from these authors, illustrates the formation of 
propylene as a function of time from the treatment of cyclopropane in a 
porcelain tube at 600®. 

The isomerization followed the 
curve calculated from the velocity con¬ 
stant for a monomolecular reaction 
until a contact time of 50 minutes was 
reached. At this point the formation 
of secondary products began, the gas 
being made up of methane and hydro¬ 
gen in equal amounts. 

Experiments at temperatures of 
500 to 700® showed that isomerization 
was the chief reaction up to tempera¬ 
tures of 600® with contact time of 50 
Pjq 2 minutes, while temperatures above 

600® could be used if the contact time 
was sufficiently short. Under more vigorous conditions, higher temperature 
or increased contact time, decomposition occurred to give ethylene, methane, 
carbon, and hydrogen, together with the propylene formed by isomerization. 

The size and shape of the reaction vessel, such as tubing or a bulb, and the 
material of the vessel—quartz or unglazed porcelain—affected the speed of 
the reactions. The amount of wall catalysis of the vessel decreased as the 
temperature increased. 

At temperatures of 600 to 700® the isomerization of cyclopropane to 
propylene was shown to be a monomolecular reaction. The “heat of activa¬ 
tion'^ at temperatures of 550 to 650® was found to have a value of 63,900 cal. 

Since the early work upon the pyrolysis of cyclopropane was of doubtful 
value because of the questionable purity of the hydrocarbon used, the method 
of preparation of the compounds is included here. The propylene and 
cyclopropane used by Trautz and Winkler (74) for their experiments were 
prepared in a pure form by the following reactions: 

Trimethylene bromide was treated with zinc dust in a suitable apparatus 
for generating the gas. A series of tubes was constructed in such a manner 
that each served as a fractionating column and a condensing bulb. The gas 
liberated in the action was condensed at — 79® and fractionated in the series 
of tubes. In this manner, pure cyclopropane could be prepared. 
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Propylene was prepared by catalytic decomposition of isopropyl alcohol 
at 400®. The alcohol was run through a heated copper tube dehydrating it 
to form propylene. The propylene and cyclopropane were condensed at 
— 79®, and by a series of fractionations, the pure compounds were found to 
have boiling points of —47.8® and —34.5® respectively at 750 mm. The 
specific volumes of the liquids were found to be additive, so that a convenient 
method of analysis of propylene-cyclopropane mixtures was available. 

Ipatiev and Huhn (37) observed that cyclopropane yielded only i to 2 per 
cent of propylene at 360 to 370® when passed through a tube at the rate of 
215 cc. per hour. The approximate time of contact was 4.5 minutes. 

B. Catalytic 

The use of catalysts markedly decreases the temperature necessary to 
cause isomerization of cyclopropane. No mention of decomposition to other 
products such as carbon, hydrogen, or methane is made. Tanatar (72) ob¬ 
served that in the presence of platinum black at ordinary temperature cyclo¬ 
propane isomerized slowly to propylene, while a temperature of 100® slightly 
increased the rate, as would be expected. At 315®, 2 grams of catalyst in the 
reaction tube caused a 29 percent yield of propylene when the cyclopropane 
was passed through the tube at the rate of 285 cc. per hour. With an alumina 
catalyst Ipatiev and Huhn (37) found that 3 grams of catalyst caused a 20 
percent isomerization to occur at 3 70 to 385°. The gas in this case was passed 
through the tube at a rate of 343 cc. per hour. 

Ipatiev (3 s) used an iron catalyst at 100® to effect the isomerization of 
cyclopropane to propylene. The cyclopropane used in this case was purified 
by shaking with 2 percent permanganate and treating with bromine in the 
dark. The gaseous product from the pyrolysis was 50 to 70 percent propylene, 
as proven by oxidation with permanganate and by bromide formation. The 
other portion of the gas was shown to be cyclopropane. 

Dojarenko (18) passed methylcyclopropane at 340-360® through a tube 
coated with alumina. The gaseous products consisted of 2-butene and iso¬ 
butylene, while a liquid was found which was a polymer of the butenes, most 
likely diisobutylene. 

Ipatiev and Huhn (37) reported the formation of 7.5 grams of a liquid boil- 
ing at 35 to 37® when 8 grams of i,i-dimethylcyclopropane were passed over 
alumina at 340 to 345® in one hour and eleven minutes. This liquid was shown 
to be trimethylethylene, a product of isomerization. 

Merejkowsky (49) obtained divinyl or 1,3-butadiene by passing methyl- 
enecyclopropane over alumina at 350®. 

Ethylcyclopropane, passed at 300 to 310® through a tube containing 
asbestos covered with alumina, was isomerized to methylethylethylene as 
reported by Rozanov (57). 

From these results it may be concluded that oatal3rtic action upon cyclopro¬ 
pane compounds consisted of an isomerization of the ring to a straight chain 
compound. The temperature of the cataljrtic action was generally between 
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300 and 350® with platinum blade and alumina giving similar results, while 
iron caused the reaction to proceed at a lower temperature, that is, at 100®. 
In no case was there any appreciable deposition of carbon noted, nor was 
mention made of the formation of compounds other than those derived from 
isomerization. 

4 . Cyclopropene 

Cyclopropene may well be considered as the unsaturated hydrocarbon re¬ 
sulting from the removal of two hydrogen atoms from cyclopropane. It has 
already been pointed out that cyclopropane has a strong tendency to rearrange 
to a straight chain hydrocarbon by a scission of the ring when subjected to a 
temperature of 500 to 700® without a catalyst, or to a temperature of only 
300® when a catalyst is used. Since cyclopropene is so closely related to 
cyclopropane, it follows that isomerization should be expected to occur if the 
former hydrocarbon is heated with a catalyst. 

The ease with which cyclopropene rearranges should be less than with 
cyclopropane. Hurd and Spence (34) found isobutylene more stable than 
isobutane when subjected to elevated temperatures, i.e., 600 to 700®. If it 
may be assumed that a point of unsaturation in a cyclic compound has the 
same effect as in a straight chain compound, it follows that cyclopropene 
should rearrange with more difficulty than cyclopropane. 

In the preparation of cyclopropene the resulting bromides gave tests for 
allylene tetrabromide. To prove whether this compound was formed from 
the cyclopropene or occurred as an impurity, Demjanow and Dojarenko (14) 
passed cyclopropene through a tube at 270 to 290® over an alumina cat¬ 
alyst. Since the product did not react with ammoniacal cuprous chloride 
solution, it was concluded that methylacetylene (allylene) was not formed. 

In later work Demjanow and Dojarenko (15) again tried this reaction, 
but at 245 to 255® and at 345 to 350® using unpurified cyclopropene. The 
product gave a bromide of approximate composition, C8H6Br2, but it was 
concluded that propylene was formed from the methylacetylene present in 
the original gas. Liquid products consisted of a volatile polymer and a non¬ 
volatile, more complex polymer. The conclusion reached was that cyclo¬ 
propene did not isomerize to allylene. 

A theoretical consideration of the pyrolyzed compound would lead to 
the fact that allene as well as methylacetylene could be formed with equal 
ease by the breaking of a single bond in the ring. In pyrogenic work a double 
bond has appeared to be a place of strength in the molecule and any carbon- 
carbon scission occurs at a single bond in preference to a double linkage. 
Meinert and Hurd (48) have studied the pyrolysis of allene and methyl¬ 
acetylene and found that methylacetylene gives pyrolytic products identical 
with those of allene, when similar conditions are employed. This indicates 
clearly that if the product that Demjanov and Dojarenko expected had 
actually formed, the product identified would be the isomer, allene. Although 
the conditions of the two groups of experiments run by the respective authors 
were not identical, they were comparable, as shown by the decomposition 
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points for cyclopropane; namely, 600 to 700° for the non-catalytic reaction 
and 300 to 350° when using alumina as catalyst. 

The method of analysis for the gases obtained from cyclopropane was the 
absorption of acetylene or its homologs in ammoniacal cuprous chloride. 
It is questioned whether this method would show the presence of allene in 
the gases if it were there. 

5. Cyclobutanes 

There appears to be no record of any study made upon the pyrolysis of 
cyclobutane. This hydrocarbon has been catalytically reduced to n-butane, 
but no reference was found on the heating of cyclobutane without hydrogen. 

Methylcyclobutane, however, has been pyrolyzed by Rozanov (56). 
With an alumina catalyst the pyrolyses were run at 300 to 400“. Heating 
the methylcyclobutane for three hours at 300° resulted in a small amount of 
product boiling at 30 to 40®, while methylcyclobutane itself boiled at 39 to 
42“. At 350® a product boiling at 25 to 30® was formed by the pyrogenic 
action. With a decomposition temperature of 400® most of the product 
boiled at 20 to 22®. Taking some liquid from the 400° run, four portions could 
be obtained by refractionation, 20 to 22®, 30®, 35 to 37®, and 40 to 200®. 
The high boiling fraction consisted of pol3nner8, while the other fractions 
represented isomers of methylcyclobutane, as follows: 

CHrCH^CH-CHrCHa b.p. = 36° 

2- pentene 

CH, 

I 

CH,-CH-CH = CH* b.p. = 20.2® 

3- methyl-i-butene 

CHs 

CH,=C-CHrCH, b.p. = 31-32® 

2-methyl- i-butene 

Fillipov (25) obtained methylcyclobutene from methylenecyclobutane by 
passing the vapor of the latter hydrocarbon over alumina at 300®. That 
this isomerization takes place was known as early as 1901, when Gustavson 
(29) obtained the reaction by treating methylenecyclobutane with sulfuric 
acid, alkalis, or small amounts of hydrogen bromide. 

The study of the action of methylenecyclobutane above 3oo®inthe presence 
of an alumina catal3rst was made by Dojarenko (18). The experiments were 
carried out in an apparatus consisting of a tube i cm. in diameter and 35 cm. 
long, coated with 10-12 gm. of alumina and heated in an iron muffle. 

Table VI gives the experimental details of the p3rrol3r8es made by Doja- 
renko. 
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Table VI 


Decomposition of Methylenecyclobutane 


Temp., 

Time 

Wt nf Liquid Products 

Gas 

cc. 

"C 

Min. 

Liquid Low Boil- ■ Polymers 

Used Gms. ing Hydro¬ 
carbons 

410-30 

30 

7-5 4-5 g- 2.1 g. 

540 

395-405 

45 

13s 9-4 2.2 

235 

400-405 

45 

7-5 S -2 1.0 

Table VII 

160 

Initial Product 


Reaction Product 

Observer 

I. Trimethylene 

CH, 

/\ 
CH,—CH, 


-^ CHrCH = CH, 

Ipatiev and 
Huhn 

II. as-Dimethyl-trimethylene 


CH, 

/ \ 


-> CHrCH = C(CH,), 

Ipatiev and 

CH,—C(CH,), 
III. Ethyltrimethylene 


Huhn 

CH, 

A\ 


-^ CHrCH = CH-CHrCH, 

1 Rosanov 


CH,—CH-CjHs 


IV. Methyltrimethylene 


CH, 


/\ 

CH2-CH2-CH, — 


CH3-CH = CH-CH3 Isomerization Dojarenko 
(CH,)*CH = CH2 


V. Methylenecyclobutane 
CH2 -C = CHs 


H 


H 


CHrCHs 

CHs 

Ah 

H 


V' 

HjC-C-CHs 

I 

H 


(CH,),CH-CH*-CH=C(CH,), Isomerization 

and Polymerization 


CHr-C-CH, 

I 11 

CH,-CH 

CH2 = C.CH, 

1 

CH»=C-H 


O. Filipov 


2 Mols 


+H, 


—H* Rubber-like 

Polymers 


CHrC-CH, 

CHrCH 

CH,-=C-CH, 

CHrCH, 
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Table VIII shows the conditions of experiment and the products obtained 
from cyclopropane and cyclobutane hydrocarbons. 

Table VIII 


Cyclopropanes and Cyclobutanes 


Reference Hydrocarbon 

®C. Temp. 

Catalyst 

Product 

No. 





(70) 

Cyclopropane 

‘^Red Heat^’ 

None 

Propylene 

(76) 

n 

w » 

» 

Tar 

Ox3rmethylene 

(8) 

n 

550 

» 

Propylene 

Ethylene 

Satd. Hydrocarbons 
Hydrogen 

( 7 S) 

n 

500-700 

Quartz Tube 

Propylene 




or Unglazed 

Ethylene 




Porcelain 

Methane 

Carbon, Hydrogen 

(37) 

w 

360-370 

None 

Propylene 

(72) 

w 

315 

Platinum 

Propylene 

(37) 

w 

370-385 

A 1 * 0 , 

ft 

(35) 

» 

100 

Iron 

ft 

(18) 

Methylcyclopro- 





pane 

340-360 

AljOs 

2-Butene 

Isobutylene 

Diisobutylene 

(37) 

i,i-Dimethyl- 





cyclopropane 

340-345 

A 1 , 0 , 

Trimethylethylene 

(49) 

Methylenecyclo- 





propane 

350 

AljOa 

1,3-Butadiene 

( 57 ) 

Ethylcyclo- 

300-310 

AljO, 

Methylethyl- 


propane 

Cyclobutanes: 



ethylene 

(56) 

Methylcyclo- 

300-400 

A 1 * 0 , 

2-Pentene 


butane 



3-Methyl-i-butene 

2-Methyl-i-butene 

Polymers 

( 25 ) 

Methylenecyclo- 





butane 

300 

AI, 0 » 

Methycyclobutene 

(18) 

ft 

395-430 

AUO, 

Isoprene 

p-Cymene 

Trimethylethylene 

Methylethyl- 

ethylene 

Rubbery Mass 
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Less than one-third of the gases produced dissolved in bromine indicating 
that the greater portion of the gas was made up of saturated hydrocarbons. 
The bromide formed from the gases boiled at 141 to 152® at 741 mm. 
pressure. 

The liquid analysis led to the identification of isoprene, trimethylethy- 
lene, and unsymmetrical methylethylethylene in the low boiling material, 
while p-cymene was found in the heavy pol3mierized product together with 
a rubber-like mass. The chief liquid product was isoprene. 

The decomposition of methylenecyclobutane over alumina at 400 to 430® 
consisted of isomerization, dehydrogenation, polymerization and hydrogena¬ 
tion. The first reaction, isomerization, resulted in the formation of iso¬ 
prene. This compound polymerized to a rubber-like mass, hydrogenated 
and isomerized to the ethylene compounds found, and dehydrogenated and 
polymerized simultaneously to give p-cymene. 

Table VII, compiled by Dojarenko, includes not only the results of work 
on methylenecyclobutane but also summarizes the actions observed with 
all the three-and four-membered ring-compounds previously discussed by her. 

6. Cyclopentane and Homologs 

Cyclopentane, the most stable of the saturated cyclic hydrocarbons, as 
shown in Table V, has not been pyrogenically decomposed. Although the 
cyclopentane hydrocarbons are obtainable, only one attempt has been made 
to decompose the simplest member of this series. The more complex members 
of the series have been subjected to the catalytic action of palladium black 
which is known as a specific dehydrogenation catalyst. Zelinsky, in his work 
with palladium or platinum black catalysts, observed that only cyclohexane 
compounds dehydrogenated, while paraffins or other polymethylene hydro¬ 
carbons were unchanged by passage over these catalysts under the same 
conditions. 

Cox (12) refluxed cyclopentane with anhydrous aluminum chloride for 
a period of eight days, yet no evolution of gas was observed nor was the liquid 
changed. 

Cyclohexylcyclopentane, i -cyclohexyl-3-methylcyclopentane and phenyl- 
cyclopentane have been studied by Zelinsky and Titz (102). These com¬ 
pounds, in the presence of palladium black at 300®, should dehydrogenate 
in a manner to give phenylcyclopentane, i-phenyl-3-methylcyclopentane, 
and unchanged phenylcyclopentane respectively, if the catalyst exercised 
the selective action claimed by Zelinsky and Balandin. 

With cyclohexylcyclopentane, the expected phenylcyclopentane was not 
obtained. A compound CnHio was produced instead of the anticipated 
CuHi 4. The compound was not a cyclobutadiene, for it did not react with 
bromide solution or permanganate. It was concluded that the compound had 
the following structure in which the excess valences are internally satisfied: 
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With i-cyclohexyl-3-methylcyclopentane, under the same conditions, 
isomerization took place with subsequent dehydrogenation of the isomer. 
Diphenyl was the final product after the formation and subsequent dehydro¬ 
genation of dicyclohexyl. 

Zelinsky and Titz (104) later observed that the compoimd they had 
analyzed to be CuHio had the properties of diphenyl. The analysis of the 
compound had given values of 93.25 percent for carbon and 6.81 percent 
for hydrogen. CnHio gives the calculated values of 92.9 and 7.1 for carbon 
and hydrogen whereas CuHio is 93.5 and 6.5. Obviously, the values found 
are between those for CuHio and CuHio. 

To explain the occurrence of diphenyl in the product, these authors 
studied their method of preparation for cyclohexylcyclopentane which con¬ 
sisted of reacting cyclohexylmagnesium bromide with cyclopentanone with 
subsequent reduction of the alcohol. In the preparation of the Grignard 
reagent, however, the normal course had not been followed, and a Wiirtz- 
Fittig type of reaction had occurred, whereby cyclohexyl bromide had been 
transformed to dicyclohexyl. Thus the product they had studied had 
been actually a mixture of dicyclohexyl with some cyclohexylcyclopentane. 

In a like manner cyclohexyl-3-methyl-cyclopentane had supposedly been 
prepared, so that the reported dehydrogenation and isomerization product, 
diphenyl, had been really only the simple dehydrogenated dicyclohexyl. 

Repeating the work with cyclohexylcyclopentane and cyclohexyl-3-methyl- 
cyclopentane, it was found that these compounds gave the expected dehy¬ 
drogenation products when passed over palladium at 300°. 

A new hydrocarbon, cyclohexylcyclopentylmethane was prepared and 
found to dehydrogenate over palladium at 300° in the normal manner, phenyl- 
cyclopentylmethane being the product obtained. 

Phenylcyclopentane did not change under this treatment as might have 
been expected from theoretical considerations. Likewise, Zelinsky, Titz, 
and Fatejew (105) found that dicyclopentane and 3,3-dimethyldicyclopen- 
tane were unchanged by similar treatment. 

Kizhner (41) reduced 1,2-diethylcyclopentane with concentrated sulfuric 
acid and with boiling hydriodic acid. In the first case a hydrocarbon C»Hu 
and a polymer CuH» were obtained, while in the second case a different 
C«Hu was produced. The first hydrocarbon 

/CHt-CH-CHrCH, 

HiC< I 


!Hi-CH-CHrCH, 
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did not isomerize to the second hydrocarbon 


/CHrCH, 
CH,-CHrHC<; ] 

X^Hr-CH-CHs-CH, 


when it was boiled with hydriodic acid. The ease with which this type of 
reaction occurs might lead one to expect such isomerization to take place in 
this case, but knowledge of the compounds was insufficient to predict safely 
any action or series of actions. 


7. Cyclopentadiene 


Cyclopentadiene, CsHe, may be considered from the viewpoint of struo> 
ture. The accepted structure 


H* 


H 

H 



H 

H 


permits us to predict, by analogy, what properties to expect. The cyclic 
compound may well be considered as a butadiene compound with 1,3-un¬ 
saturation. Thus, cyclopentadiene is closely related to isoprene, which is a 
methyl-1,3-butadiene hydrocarbon. Isoprene is known to give the same 
type of polymerization as that outlined for cyclopentadiene in the following 
section. We shall see that conjugated systems of unsaturation in cyclic 
hydrocarbons exhibit the same characteristic chemical properties as in chain 
hydrocarbons. 

The first observation made upon cyclopentadiene polymerization seems 
to be limited to the dimeride. Roscoe (55) observed that the low boiling 
fraction of coal tar, on standing, separated a solid melting at 32.9® and having 
a formula of C10H12. Under a high vacuum the hydrocarbon boiled without 
decomposing, but distilled under ordinary pressure, it formed a low boiling 
material. Roscoe concluded that C10H12 was a polymer, although the pri¬ 
mary substance, CsHe, was not isolated. This C10H12 hydrocarbon, heated 
to 180® in an air-free tube, polymerized to an opaque, buttery mass, the 
solid constituents of which melted at 200 to 220® with decomposition. 

Etard and Lambert (23) obtained, from compressed petroleum illumi¬ 
nating gas, a hydrocarbon CsHe which they called “pyropentylene.^^ They 
found that it poljmerized spontaneously to a ‘‘dipyropentylene,^^ CioHx2 
(melting point 8®), and that, upon heating, the C10H12 depolymerized to 
CsHe. They were the first to observe the equilibrium. 


2C5H6 


C10H12. 


They studied the kinetics of the action by plotting the change in density 
against time. From this they concluded that the process of polymerization 
was a ‘‘regular action.^^ 
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Kronstein (43) stated that not only CioHis, but also the (C(H«)n type 
of polymers in which n is greater than 2, should be formed. Weger (77) 
predicted that the products of the reaction would be a great number of 
polymers with varied properties. 

Stobbe and Reuss (68) noted that the use of viscosity measurements was 
not reliable for this equilibrium study because of the volatility of the cyclo- 
pentadiene. 

A pure cyclopentadiene was obtained from the dimer by distillation at 
atmospheric pressure. The values for the refractive index were nj = 1.4413 
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and nj = 1.45380. The dimer gave indices of n^ = 1.51047 and np = 
1.52181. 

If the dimer was distilled rapidly, depolymerization did not proceed to 
completion, and the rising distillation temperature indicated increasing 
amounts of the dimeride in the product, as shown by refractive index. 

The study of temperature influence upon this polymerization showed 
that at —80® the reaction did not proceed but that at —15® a slow action 
occurred. At 20® the action was fairly rapid, while 100® fostered a high 
speed of reaction. By plotting change of refractive index against time, the 
type of curve. Fig. 3, was obtained: 

Light had little influence upon the course of the reaction, but an increase 
of temperature to 135® caused other polymers to form. 

A summary and conclusion of the work of Stobbe and Reuss ma y be 
given: 

Cyclopentadiene at 100® formed chiefly dicyclopentadiene, while at 135® 
others polymers were formed: 

(C5H»)„ where n> 2. 

Cyclopentadiene polymerized in the dark quite rapidly at 20®, changing 
completely in 30 days time. The action was rapid at first, but later stages 
followed the mass action laws. 
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Stobbe and Diinnhaupt (67) showed later that this reaction proceeded 
readily when the materials were shaken at room temperature. They obtained 
the dimeride and the dimeride oxide, which was formed from the oxygen of 
the air. 

There are several possibilities for the polymerization of cyclopentadiene. 
The dimer might have one of the following three structures: 


CH* CH* 


/\ / \ 


HC 

CH—CH 

CH 

II 

1 1 

II 

HC— 

—CH—CH— 

—CH 


( 1 ) 



CHs 

/ \ 

HC—CH—CH CH 

I 

CH* 

I 

HC—CH—CH-CH 

iS) 


HC-CH-CH-CH 

I I 

CHs CHs 

I I 

HC-CH-CH-CH 

( 5 ) 

( 1 ) Kraemer and Spilker (42). 

(S) Weiland (78), 

($) 1 -.4 addition. Staudinger and Rheiner (66). 


The first formula was assumed to be the correct one, because it allowed 
the formation of addition compounds. Kronstein (43) formed additional 
polymers by heating the cyclopentadiene to a higher temperature. Weger 
(77) also obtained a series of polymers. 

Staudinger and Rheiner (66) obtained a tri-, tetra-, penta-, and possibly 
a hexameride of cyclopentadiene. The polymers were separated by fractional 
distillation at reduced pressure and by selective solvent action. The various 
polymers were identified by molecular weight determinations in different 
media, the compounds being the tri-, tetra-, and penta- polymerides. An 
insoluble solid was obtained which was probably a hexameride with higher 
pol3aners. 

The dimeride heated for 90 hours at 200® also formed higher polymers. 
These polymers, heated to 500® under low vacuum, yielded cyclopentadiene 
again. This behavior of the polycyclopentadienes was similar to that of 
polyoxymethylene compounds. The compounds formed are probably of the 
type: 
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Staudinger and Bnison (65) studied this same polymerization with a 
catalyst. The halogen salts of all groups in the periodic table were used as 
catalysts. Those halides having covalences exhibited catalytic power, while 
halides with ordinary valences were ineffective. The products obtained gave 
molecular weights varying between 1200 and 6600. The pol3rmers titrated 
with bromine gave one molecular equivalent for each mol of CsHe. 

The compounds obtained were formulated as: 



or 



CH-CH- 


\ 


CHS 


/ 

sCH 


,CH, 


Weger (77) found that cyclopentadiene or dicyclopcntadiene gave a new 
reaction if passed through a weakly glowing tube. Naphthalene “in good 
yields,” together with some benzene and anthracene, were the products of 
this pyrolysis. 




H H 


+ H, 


In this case we find five-membered rings changing to six-membered rings 
but not by isomerization of a pentamethylene homolog. 

Although Weger obtained naphthalene from cyclopentadiene, Meyer and 
Hofmann (49A) could find none among their amorphous products. Weger 
had passed vapors through a tube at a dull red heat, whereas Meyer and 
Hofmann maintained a dull red hot coil of platinum wire in an atmosphere of 
cyclopentadiene vapors. The explanation offered for naphthalene formation 
was'that Weger’s temperature was high enough to form ethylene and acety¬ 
lene, and that these formed naphthalene, rather than cyclopentadiene joining 
directly, with the elimination of hydrogen as previously shown. 

The reaction products from treating (^clopentanes and cyclopentadiene 
are shown in Table IX. 
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Table IX 

Cyclopentane—Cyclopentadiene 

Reference Hydrocarbon °C. Catalyst Product Remarks 

No. Temp. 

(12) Cyclopentane Reflux AlCls None No Change 8 Days 
(102) Cyclohexyl- 

cyclopentane 300 Palladium (CnHio)? 

i-Cyclohexyl- 

3-methylcyclo- 



pentane 

300 

yt 

(Diphenyl) ? 



Phenylcyclo- 

pentane 

300 

yy 

No Change 


(los) 

Dicyclopentane 

3,3-Dimethyl- 

300 

yy 

yy yy 



dicyclopentane 

300 

yy 

yy yy 


(41) 

1,2-Diethyl- 

cyclopentane 

— 

HI 

yy yy 


(67) 

Cyclopentadiene 

180 

None 

Dicyclopen- 

Sealed Tube 





tadiene 



Cyclopentadiene 

20 

in Dark 

yy 

30 Days 

(65) 

Cyclopentadiene 

— 

Halides 

Polymers 


(77) 

(Cyclopentadiene 

^^Dark 

None 

Naphthalene 




Red^^ 


Benzene 

Anthracene 



8. Cyclohexane and Homologs 

In the study of cyclohexane there is a strong tendency for most of the 
workers to include its homologs in a series of experiments. Although the 
actions of the homologs of cyclohexane are not always strictly comparable 
to those of the simple hydrocarbon, the difference may be attributed to the 
action of the side chain and not to the nucleus. 

Since the time when Sabatier and Senderens (60) first catalytically re¬ 
duced benzene to cyclohexane, the interest in the hydrogenated compounds 
has grown and other homologs and derivatives of benzene have been reduced 
to the corresponding cyclohexyl compounds. 

The non-catal3rtic decomposition of cyclohexane and methylcyclohexane 
has been studied in only two cases. Jones (38) was the first to pyrolyze cyclo¬ 
hexane for the purpose of studying the action that takes place. Later, a 
pyrolysis was made by Frolich, Simard and White (26) using a quartz tube 
at a temperature higher than that used by Jones. 

The catalytic decomposition of cyclohexane and its homologs has been 
more fully studied, the products of the reaction varying with the catalyst 
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used. At 300® nickel has been found to cause decomposition together with 
dehydrogenation, while at the same temperature platinum and palladium 
cause dehydrogenation alone. At a temperature of 550® copper catalyzes 
both dehydrogenation and decomposition. Several patents have been issued 
in which the action described is the decomposition of cyclohexane and its 
homologs, at similar temperatures, to form unsaturated hydrocarbons. 
Several different types of catalysts such as metals, salts, etc., may be used 
for this reaction. 

With anhydrous aluminum chloride the homologs of cyclohexane which 
have long side chains behave in a curious manner, the long side chain split¬ 
ting into a series of short chains which attach themselves to the ring. This 
action is different from that of the homologs of aromatic hydrocarbons which 
tend to build one large hydrocarbon molecule at the expense of others. That 
is, with ethylbenzene and aluminum chloride, the products are di- and 
triethylbenzene and benzene. Ethylcyclohexane, on the other hand, forms 
dimethylcyclohexane. 

A. Non-Catalytic 

The non-catalytic thermal decomposition of cyclohexane and methyl- 
cyclohexane was studied by Jones (38). The liquid was heated in a bulb 
containing porcelain plates, and the gas evolved was collected and analyzed. 
The analyses were made using concentrated sulfuric acid for benzene and 
unsaturated hydrocarbons containing more than three carbon atoms; ammo- 
niacal silver chloride for acetylenes; and bromine solution for unsaturated 
hydrocarbons containing only 2 or 3 carbon atoms. Hydrogen was deter¬ 
mined by the action of ^^oxidized^^ palladium at 95®. Methane and ethane 
were measured by oxidation. Table X summarizes the analyses of these 
gases. 

Table X 

Gas Analysis of Products 


Material pyrolysed 

Cyclohexane 

Percent 

Methylcyclohexane 

Percent 

Temp. “C. 

490 to 510 

490 to 510 

“Benzene and High Olefins” 

26.1 

12.8 

Acetylene 

0.2 

Trace 

Ethylene 

8.5 

10.6 

Hydrogen 

40.3 

42.1 

Methane 

30 

22.5 

Ethane 

21.9 

12.0 

Frolich, Simard and White (26) studied the formation 

of butadiene from 


various hydrocarbons, among which was cyclohexane. At a temperature of 
654® cyclohexane was passed through a quartz tube, the product of reaction 
being condensed in two receivers at the temperatures of melting ice and 
COs-acetone mixture respectively. Unsaturated hydrocarbons formed 50.5 
percent of the product, 20.6 mols percent consisting of butadiene. These 
values were based upon the amount of cyclohexane decomposed at the above 
temperature. 
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Since the formation of butadiene was of major importance to these inves¬ 
tigators, the other products of decomposition were not studied in detail. 
The analysis of gaseous products was not given, but the liquid consisted of 
benzene, naphthalene, and tar. No toluene, xylene or other benzene homologs 
were found. 

The results from these sources seem to indicate that besides a large 
amount of dehydrogenation, a certain amount of carbon-carbon scission takes 
place. The formation of butadiene, ethylene, and ethane indicates that the 
mechanism outlined in the patent (2) mentioned previously is correct. (See 
P- 3496). 

B. Catal3rtic Action 

Sabatier and Senderens (60) passed cyclohexane, methylcyclohexane, and 
ethylcyclohexane over nickel or copper catalysts at a “more or less elevated 
temperature’^ with partial dehydrogenation to aromatic hydrocarbons and 
partial decomposition to other products, such as carbon or methane. 

Cyclohexane at 270 to 280® over nickel gave the reaction shown in the 
equation, 

3C6Hi2=2C6H6 + 6CH4. 

Other naphthenes reacted similarly. At about 300° over nickel they were 
decomposed slowly to aromatic hydrocarbons with the formation of a small 
amount of carbon, some methane, and hydrogen. Methylcyclohexane de¬ 
composed slowly at 240®, but the rate of reaction increased at 275®. The 
gases formed contained 21.8 percent of hydrogen and 78.2 percent of methane 
by volume. Ethylcyclohexane decomposed slightly at 220® and slowly at 
280 to 300®. The liquids formed were toluene and ethylbenzene, while the 
gas was made up of 83 percent of methane and 17 percent of hydrogen by 
volume. 

With reduced copper, Sabatier and Senderens found that the action was 
much more difficult, since a temperature of 300® was required to start the 
decomposition. 

Daramois (13) studied the action of certain metals upon cyclohexane, 
methylcyclohexane and dimethylcyclohexane, as well as the petroleum oil 
from which these naphthenes were derived. From 325 grams of cyclohexane, 
passed over copper at 550®, 130 grams of liquid product were obtained. This 
was made up of 8 percent olefin hydrocarbons and 5 percent benzene, the re¬ 
mainder being unchanged cyclohexane. The other 195 grams of material was 
recovered as a gas, made up of 37.8 percent unsaturated hydrocarbons of 
which 36 percent was ethylene, 30 percent of saturated hydrocarbons with an 
average composition of CaHe and 32.2 percent of hydrogen. 

From 140 grams of methylcyclohexane over copper at 550®, 50 grams of 
gas were obtained, composed of 35.6 percent hydrogen, 21,1 percent olefins of 
which 20 percent was ethylene and 43.1 percent of saturated hydrocarbons 
with the average composition of C1.26H4.6a. The liquid products consisted of 
aromatic and unsaturated hydrocarbons as well as unchanged material, the 
“90® fraction” containing about 30 percent of unsaturated hydrocarbons. 
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From 200 grams of dimethylcyclohexane, passed over nickel at 550®, the 
products were composed of 180 grams of liquid and 20 grams of gas. The gas 
was made up of 50 percent hydrogen, a small percent of higher olefins, 12.5 
percent ethylene, and the remainder saturated hydrocarbons similar to those 
from methylcylcohexane. By fractionation of the 180 grams of the liquid, it 
was estimated that it contained 3 grams of benzene, 5.5 grams of toluene, 
and 10 grams of xylene. 

The three naphthene hydrocarbons studied by Daramois gave ethylene, 
but the petroleum containing these naphthenes yielded higher olefins in 
*‘important proportions’’ upon similar treatment. 

Using a catalyst of nickel deposited upon aluminum hydrate, Zelinsky 
and Kommarewsky (98) found that benzene at 180° with hydrogen gave a 
“good yield” of cyclohexane. At 300 to 310® a mixture of benzene and cyclo¬ 
hexane gave only benzene as a product. Methylcyclohexane at this tempera¬ 
ture yielded toluene. Neither benzene run at 300 to 310® with hydrogen, 
nor cyclohexane under like conditions led to the formation of methane as 
obtained by Sabatier and Senderens with an ordinary nickel catalyst. 

Zelinsky also found that benzene passed over palladium black in the pres¬ 
ence of hydrogen at 100 to no® gave a “good 3deld” of cyclohexane. Cyclo¬ 
hexane at 300® over palladium black gave almost a quantitative yield of 
benzene and hydrogen. At 200® the hydrogenation and dehydrogenation was 
at an equilibrium point. Temperatures above 200® with a palladium catalyst 
produced dehydrogenation, while below 200® hydrogenation occurred. 
Zelinsky (85) stated that he believed this dehydrogenation occurred by 
splitting off 6 hydrogen atoms simultaneously, with no intermediate formation 
of di- and tetrahydroaromatics. 

By a single passage of cyclohexane through a tube at 300®, an 80.5 percent 
yield of hydrogen was obtained with palladium as the catalyst, and a 62.5 
percent yield with platinum. The decomposition of cyclohexane over plat¬ 
inum or palladium black may be concluded, from Zelinsky’s work, to be a 
dehydrogenation reaction and not a ring rupture to form methane such as 
resulted with a nickel catalyst. 

Platinum, palladium or nickel catalysts at temperatures of 150 to 408® 
had different effects on the dehydrogenation of cyclohexane. Zelinsky and 
Pawlow (99) showed that nickel was a poor catalyst for dehydrogenation, 
while platinum and palladium were far superior. The speed of formation of 
benzene and hydrogen from cyclohexane was increased by a rise in tempera¬ 
ture until an almost quantitative yield of hydrogen was obtained at 350®. 
That platinum or palladium black exhibited “selective dehydrogenation” was 
shown by Zelinsky (87). A synthetic mixture of cyclohexane and methyl- 
cyclopentane passed over the catalyst at 300® gave methylcyclopentane and 
benzene with the liberation of hydrogen. 

The I. G. Farbenindustrie A.-G. (108) obtained a series of patents for the 
preparation of unsaturated chain hydrocarbons such as ethylene, propylene, 
butylene, and butadiene, from higher hydrocarbons both cyclic and aliphatic. 
Natural or artificially prepared hydrocarbons with more than four carbon 
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atoms in the molecule were converted into olefins and diolefins containing a 
smaller number of carbon atoms. The hydrocarbon vapors were passed 
through a tube in contact with a catalyst, the temperature being at least 600® 
and the pressure superatmospheric, normal, or reduced. 

The best catalysts were found to be oxides of the metals situated at the 
maximum of the atomic volume curve. The oxides referred to were: 

(1) Alkali and alkaline-earth metals, which included magnesium and 
beryllium, and their oxygen salts such as aluminates, chromates, tungstates, 
vanadates, uranates, and phosphates. 

(2) Combinations which readily emitted electrons such as strontium 
and barium oxide in combination, alone, or upon a platinum substratum. 

(3) Oxides of scandium, titanium, yttrium, zirconium, lanthanum, 
tungsten, molybdenum, thorium, and uranium, or mixtures of these. The 
catalysts were used either in the form of lumps or upon a carrier in the 
presence of weak dehydrogenators such as copper, molybdenum or tungsten, 
while iron, a strong dehydrogenator, could only be present in small quantities. 

Examples of the reaction were given in the patents as follows: A tube of 

2 A steel,” charged with granular magnesium oxide, was heated to 650® 
in a stream of nitrogen. The gas was shut off, and cyclohexane passed 
through the tube. The products consisted of butadiene, butylene, and pro¬ 
pylene. No carbon was deposited in the reaction, tube. 

Tetrahydrobenzene, passed through a tube of porcelain, clay, or noble 
metal at 625® over lumps of lime, gave products which included ethylene, 
propylene, butylene, and butadiene. 

When cyclohexane was passed through a quartz tube filled with calcium 
aluminate at 600®, it was decomposed to give a mixture containing 28 parts by 
weight of ethylene, 14 parts of propylene, 4 parts of butylene, and 40 parts 
of butadiene. 

Zelinsky (88) experimented with the action of cyclohexane homologs in 
the presence of the dehydrogenation catalyst, platinum black. The hydro¬ 
carbon, i,i-dimethylcyclohexane was tested with the catalyst to see whether 
the same kind of reaction would occur. This hydrocarbon had been found to 
react with bromine in the presence of aluminum bromide to form a tetra- 
bromo-p-xylene, and p-xylene might be expected as the product of the reaction 
if platinum black dehydrogenated and isomerized the i,i-dimethylcyclo- 
hexane. When the compound was passed over the platinum catalyst at 300® 
no change or isomerization was observed. This non-reactivity of i,i-di- 
methylcyclohexane was in agreement with the theory previously expounded 
by Balandin. 

Using the same kind of catalyst, platinum black, at 300 to 310®, Zelinsky 
(87) found that menthane (hexahydrocymene) or hexahydro-xylenes dehydro¬ 
genated to the corresponding aromatic compounds, cjnnene and xylenes. 

Metallic catalysts for the decomposition of cyclohexane and its homologs 
may be divided into three classes. First, there are the catalysts that form 
aromatic hydrocarbons by the liberation of hydrogen; second, there are 
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catalysts that foster carbon-carbon scission; and finally, there are catalysts 
that seem to foster both types of action. It must be remembered, however, 
that the function of temperature is important. With a catalyst of platinum 
or palladium, dehydrogenation is completed at temperatures of 300 to 350°, 
while nickel effects dehydrogenation and carbon-carbon scission at the same 
temperature. If the nickel is deposited upon a substratum of al uminum 
hydrate, however, dehydrogenation seems to be fostered. 

Copper at 550° gives much the same type of mixed reaction as nickel, 
resulting in dehydrogenation to produce aromatic hydrocarbons and in carbon- 
carbon scission to produce propylene, ethylene, butadiene, and similar 
products. 

The quantitative dehydrogenation of cyclohexane hydrocarbons by 
palladium or platinum catalysts may be emphasized at this point. This so- 
called “specific catalyst” of Zelinsky has been proven to be inactive or only 
slightly active when used in conjunction with cyclobutane, cyclopentane, 
cycloheptane, and cyclooctane. This fact is mentioned in the sections de¬ 
voted to these compounds and their homologs. 

Various other catalysts have been used to isomerize or decompose the 
cyclohexanes. Among these may be named aluminum chloride, calcium 
aluminate, alumina, alcoholic potassium hydroxide and fuming hydriodic acid 
or its salts. 

Ipatiev and Dowgelewitsch (36) found that n-hexane or cyclohexane, run 
through an iron pipe at 710 and 750® respectively, decomposed to give various 
products. If alumina was used, the decomposition temperatures were some¬ 
what lower, 660 and 740®. The n-hexane was found to decompose more 
readily than cyclohexane. 

n-Hexane mixed with alumina caused the bomb to explode when heated 
to 510®. Cyclohexane mixed with alumina under similar conditions de¬ 
veloped a pressure of 11 o to 120 atmospheres. Heated for four hours and then 
cooled, the bomb still maintained 15 atmospheres pressure, 3.5 to 4 liters of 
gas being formed. The gaseous products consisted of 3.8 percent olefins, 22.4 
percent hydrogen, and 73.5 percent methane. The liquid product contained 
olefins, aromatics, naphthenes, and polynuclear aromatics. One of the naph¬ 
thenes was identified as methylcyclopentane. 

When cyclohexane was heated with the same catalyst to 760® at atmos¬ 
pheric pressure, there was no evidence of isomerization. It was concluded, 
therefore, that pressure as well as temperature was a necessary factor. This 
same result was obtained when cyclohexane was heated at ordinary pressure, 
as shown in the preceding part of this section (see p. 3515). 

Aluminum chloride catal3rst was used in the work of Grignard and Strat¬ 
ford (27). They studied the reactions at temperatures of 120 to 150® with the 
amount of catalyst varying between 20 and 30 parts per 100 parts of hydro¬ 
carbon. The hydrocarbons of the cyclohexane series were identified by 
catalytic dehydrogenation at 300® over palladium in the manner of Zelinsky 
(84). 
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The results obtained from the work of Grignard and Stratford may be 
summarized as follows; 

(1) Cyclohexane and methylcyclohexane were not changed. Ortho- and 
para-dimethylcyclohexane were isomerized to the meta-compound. Para- 
dimethylcyclohexane isomerized less easily than the ortho-compound. 

(2) The homologs having side chains of two and three carbon atoms 
did not crack easily. A portion of the liquid, i to 5 parts per 100, was split 
into saturated aliphatic hydrocarbons corresponding to the chain radical and 
into cyclohexene which polymerized in the presence of aluminum chloride. 
The greater portion was isomerized. The side chains gave rise to (CHs”") 
groups which attached themselves to the ring, usually in the meta position. 

(3) m-Diethylcyclohexane was changed to tetramethylcyclohexane, 
while the ethyl groups formed butane if they became detached. 

(4) Amyl- and isoamyl-cyclohexane represented a new case. Cracking 
was more extensive, since 42 to 70 parts per 100 gave butane as a product. 
The splitting occurred between the first and second carbon atoms to give 
butane and methylcyclohexane. The other reacting portion of the compound 
was isomerized to tetra- and penta-methylcyclohexane. 

When alkylcyclohexanes were heated with aluminum chloride at no to 
150®, they isomerized to the corresponding methyl derivatives. Ethyl-, 
propyl- and butyl-cyclohexanes gave dimethyl-, trimethyl-, and tetramethyl¬ 
cyclohexane respectively (64). 

The same type of isomerization was observed with methylenecyclohexane 
as with methylenecyclobutane. In a former section it was shown that methyl- 
enecyclobutane isomerized to methylcyclobutene when subjected to heating 
over alumina catalysts. Thus 

H2C—C = CH2 H2C—C—CHa 

II ^ Ml 

H,C—CH, H,C—CH 


Faworsky and Borgmann (24) found that methylenecyclohexane, heated 
at 140° with quinoline and quinoline hydriodide, was isomerized to i-methyl- 
i-cyclohexene. Methylenecyclohexane in a sealed tube with benzoic acid at 
150 to 170® showed the same isomerism. This may be written 


Hi 


= CH2 

/\h. 


- CH, 



H, 


H, 


Zelinsky and Gutt (96) obtained a hydrocarbon, C7H12, boiling at 102.8 
to 103®, by removing hydrogen iodide from cyclohexylmethyl iodide. It 
differed from the methylenecyclohexane, of boiling point 105 to 106.5®, which 
was obtained from cyclohexenacetic acid. The new hydrocarbon was not 
isomerized when heated to 300® in a sealed tube, as was the above methylene 
compound, to give i-methyl-i-cyclohexene. Heated with quinoline hydrio- 
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dide, however, it was converted to an isomer of methylcyclohexene. This 
new hydrocarbon was assumed to have the structure 

HaC—CH2—CH 

H*C—CHs—CH 


Hirshfeld, Meyer, and Connell (31 A) used cathode rays in the study of 
hydrocarbon decomposition. Using 10 cc. samples, the hydrocarbons were 
rayed for half-hour periods. The gases given off during each period were 
pumped from the reaction vessel and analyzed. The pure hydrocarbons were 
all run under the same conditions in order to compare the results of the de¬ 
compositions. In general, this comparison was primarily that of the total gas 
evolved during the raying period of one-half hour. 

The following table quoted from these authors shows the relation of un¬ 
saturation in the cyclic Co hydrocarbons to the evolution of gas during 
cathode ray bombardment: 


Total 

Gas 

cc. 


H2 

% by 
Vol. 


CH 4 CnH^n+a 
%by 


Vol. 


N.T.P. 


Benzene 
Boiling Point 
79 . 6 '’C. 

Vapor Pressure 
81.6 mm. Hg. 


C 


C.H, 


2 . 2 " 


—c 

c— 

1 

—c 

1 

c— 


c: 


Cyclohexadiene 
Boiling Point 
80. sC. 


c 

=c c— 


c«u. — 


=c c- 
X/- 

c 


Cyclohexene 
Boiling Point 
83°C. 

Vapor Pressure 
101.2 mm. Hg. 


C 


=c c— 


=c c= 


x/- 

c 




CeHio 19 . 4 * 39 5 


1-2 S9-3 
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I! 

Cyclohexane (■ CeHn 41.9’" 89.2 2.6 7.2 


Boiling Point 

/\ 

81*^0. 

=(' ('= 

Vapor Pressure 

1 1 

104.0 mm. Hg. 

=(^ ('= 



II 


^Corrected for Vapor Pressure of Compound at Temperature of Test. 


The homologs of cyclohexane behave in a manner anticipated by these 
authors. The results from the hydrocarbons are given as follows: 


Cyclohexane 

Total Gas 
ce. N.T.P. 

41.9* 

H2 

by Vol. 
8 q. 2 

CH4 

% by Vol. 

2.6 

CnHjii -f ’ 

% by Vol 

7.2 

Methylcyclohexane 

37 - 7 * 

78.9 

4.0 

17.I 

Phenylcyclohexane 

2-4 

66.6 

11.1 

21.6 


^Corrected for Va| or Pressure of Comi>ound at Temperature of Test. 


Cyclohexane and methylcyclohexane gave very similar results as would 
be expected, but phenylcyclohexane, being a partially unsaturated compound, 
did not evolve as large a volume of gas. 

One of the general conclusions drawn by these authors was that: “The 
cycloparaffins, olefins and cyclo-olefins give off gas in quantities which are 
generally roughly proportional to the degree of saturation.’^ 

Later work by Linder and Davis (4 5A) indicated a different composition 
of the gases from cyclohexane and methylcyclohexane. They report: 



H2 

Acetylenes 

Ethylenes 

Paraffins 

Cyclohexane 

46.1 

13.2 

32.2 

8-5 

Methylcyclohexane 

47.0 

12.6 

16.6 

13 8 


The effect of temperatures, catalysts, and cathode rays upon cyclohexane 
and its homologs with the resultant products is summarized in Table XI. 


Table XI 

Cyclohexane and Homologs 
Reference Hydro- "C. Catalyst 

Product Remarks 

No. 

carbon 

Temp. 


(38) 

Cyclohexane 

490--510 Porcelain 

Hydrogen 


Methylcyclohexane 

M ff 

Benzene 

Acetylene 

Ethylene 

Methane 

Ethane 

(Same as above) 
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Table XI (Continued) 


Reference Hydrocarbon 

®C. 

Catalyst 

Product Remarks 

No. 

(26) 

Cyclohexane 

Temp. 

654 

Quartz 

^^Unsaturated 

(60) 

Cyclohexane 

270-280 Nickel 

Hydrocarbons” 

Butadiene 

Benzene 

Naphthalene 

Tar 

Benzene 


Methylcyclohexane 

275 

77 

Methane 

Hydrogen 


Ethylcyclohexane 

280-300 

77 

Methane 

Toluene 

Toluene 

(13) 

Cyclohexane 

550 

Copper 

Ethylbenzene 

Methane 

Hydrogen 

Liquid olefins 


Methylcyclohexane 

550 

77 

Benzene 

Ethylene 

Ethane 

Hydrogen 

Ethylene 


Dimethylcyclohexane 

550 

77 

Hydrogen 

Cl 26H4.52 

Aromatic and 
Unsaturated 

Liquids 

Hydrogen 

(98) 

Cyclohexane 

300-310 

Ni. on Alumi¬ 

Ethylene 

Cn H2n + 2 
gases 

Benzene 

Toluene 

Benzene No methane 


Methylcyclohexane 


num hydrate 

77 

Hydrogen formed 
Toluene 

(86) 

Cyclohexane 

300 

Palladium 

Benzene 

(108) 

Hydrocarbons of 

Above 

Platinum 
Oxides of 

Hydrogen 

Olefins and 


more than 4 C Atoms 

600 

metals 

diolefins 

(88) 

i,i-Dimethyl- 

cyclohexane 

300 

Platinum 

No action 

(87) 

Menthane 

310 

77 

Cymene 


Hexahydro-xylenes 

310 

77 

Correspond- 


ing xylenes 
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Table XI (Continued) 


Reference Hydrocarbon 

No. 

°c. 

Temp. 

Catalyst 

Product Remarks 

(36) 

Cyclohexane 

510 

AI2O8 

C„H2n gas Pressure 
Hydrogen i lo-i 20 
Methane atms. 
Liquid 
olefins 

Aromatics 

Naphthenes 

Polynuclear 

aromatics 

Methylcyclo- 

pentane 

(27) 

(Cyclohexane 

I20-150 

AICI3 

Unchanged 


Met hylcy clohexane 
1,2-Dimethylcyclo- 

120 150 

ff 

Unchanged 


hexane 

1,4-Dirnethylcyclo- 

I20-150 


Meta isomer 


hexane 

1,3-Dimethylcyclo- 

120-150 

7 ) 

Meta isomer 


hexane 

I20-150 

77 

Unchanged 


1,3-Diet hylcyclo- 
hexane 

120-150 

77 

Tetramethyl- 

cyclohexane 

Butane 


Amylcyclohexane 

120-150 

77 

Methyl- 42-70% 

cyclo- crack- 

hexane ing 

Butane 


Isoamylcyclohexane 

120-150 

77 

Butane 42-70% 

Tetra- and crack- 
Penta- ing 

methyl- 
cyclo- 
hexanes 

(64) 

Ethylcyclohexane 

I10-150 

77 

Dimethyl- 

cyclo¬ 

hexane 


Propylcyclohexane 

110-150 

77 

Trimethyl- 

cyclo- 

hexane 


Butylcyclohexane 

110-150 

77 

Tetramethyl- 

cyclohexane 
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Table XI (Continued) 


Reference Hydrocarbon 

No. 

Temp. 

Catalyst 

Product Remarks 

(24) 

Methylenecyclo- 

hexane 

140 

Quinoline HI 

i-Methyl-i- 

cyclo- 

hexene 


Methylenecyclo- 

hexane 

150-170 

Benzoic acid 

I -Methyl- Sealed 

i-cyclo- tube 

hexene 

( 95 ) 

A C7H12 Hydro¬ 
carbon 

— 

Quinoline HI 

Bicyclo (0, 

I, 4) heptane 

(31 A) 

Cyclohexane 


Cathode ray 
bombardment 

Hydrogen 

Methane 

High paraffins 


Methylcyclohexane 


Cathode ray 
bombardment 

Hydrogen 

Methane 

High paraffins 


Phenylcyclohexane 


Cathode ray 
bombardment 

Hydrogen 

Methane 

High paraffins 

( 4 SA) 

Cyclohexane 


Cathode ray 
bombardment 

Hydrogen 

Acetylenes 

Ethylenes 

Paraffins 


Methylcyclohexane 


Cathode ray 
l>ombardment 

i 

Hydrogen 

Acetylenes 

Ethylenes 

Paraffins 


9 . Cyclohexene and Cyclohexadiene 

No case has been found in which cyclohexene or cyclohexadiene have been 
decomposed at a temperature above approximately 300° without a catalyst. 
Cyclohexadiene does, however, polymerize slowly at room temperature, as 
will be shown later. 

The “simultaneous oxidation-reduction’^ action of Zelinsky, previously 
mentioned, is a description of the phenomenon observed when cyclohexene 
and cyclohexadiene are heated at 90 to 140® over a palladium catalyst. A re¬ 
view of the results obtained will illustrate the action observed. 

Zelinsky (93) catalytically decomposed cyclohexene obtained from various 
sources. Cyclohexene prepared from cyclohexanol and oxalic acid yielded 
benzene and hydrogen under the influence of a palladium catalyst much more 
vigorously than cyclohexane. The cyclohexene prepared from cyclohexyl 
iodide and quinoline did not react in the same way, for only a small amount 
of hydrogen and benzene was formed, and a new cyclohexene was found in 
the reaction. Although no temperature of reaction was mentioned, a tempera¬ 
ture above 200® was implied. The new CeHio formed had a b.p. of 77.5 to 
78®, d"®4 of 0.8005, and n^ of 1.4416. It showed no action with potassium 
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permanganate or bromine. The palladium seemed to exercise selective 
catalysis in not dehydrogenating the new tetrahydrobenzene. The new 
compound, therefore, was probably the simplest of the bicyclic hydrocarbons 
of the (CH2)6 type. 

Cyclohexene or i ,3-cyclohexadiene passed over palladium catalyst at 92® 
in a carbon dioxide atmosphere were changed to benzene and cyclohexane as 
represented in the following equations: 

2 CeHe ^ 3 CeHg CeHia 
C6H6^3C6Hio~^2C6Hx2 

This process of disproportionation could be termed a simultaneous oxida¬ 
tion and reduction reaction. It was an example of non-reversible catalysis, 
for cyclohexane and benzene could not be made to form either of the partially 
hydrogenated aromatic compounds in the presence of palladium black. 

Zelinsky and Pawlow (100) considered that the catalyst played the part 
of a ferment, for the labile hydrogen atoms from 3 molecules moved in such 
a direction as to set up a stable system. It was noted that cyclohexene when 
passed over the palladium catalyst at temperature of 164.5 ^i^d 223° did not 
give products with the expected refractive indices. The values found at 20® 
for the above reaction temperatures were 1.4448 and 1.4489 respectively. Pure 
cyclohexene, however, had a refractive index of 1.4460, and this value should 
have risen to that for benzene, i. 501 o. Instead, the refractive index actually de¬ 
creased, a fact which led to the investigation of a mixture of cyclohexane and 
benzene. This mixture, in the proportion of two to one, was found to have an 
index of 1.4455. Thus the heating of cyclohexene produced first the simul¬ 
taneous oxidation-reduction action. The subsequent reaction was character¬ 
istic of cyclohexane. * 

If this were true, the action of cyclohexene and of a mixture of two parts 
of cyclohexane and one part, of benzene should give similar results when 
heated with a palladium catalyst at like temperatures. Table XII substan¬ 
tiates these views: 


Table XII 

Catalyst = Pd. Covered Asbestos 


Starting Materials 


"C. 

Hydrogen 




Temp. 

Volumes 

% of Theoret¬ 

N«» 



Obtained 

ical Yield 

D 

2 Mols 

I 

225.5 

160 

6.30 

1.4484 

Cyclohexane 

2 

240.0 

310 

12.20 

I-45I7 

+ 1 Mol Benzene 

3 

262.5 

757 

29.80 

1-4593 


4 

281.5 

1306 

51-42 

1.4700 


5 

301 -5 

1838 

72.36 

1.4827 


I 

222.5 

240 

9-37 

1.4489 


2 

243.0 

450 

17-58 

1-4525 

Cyclohexene 

3 

262.0 

769 

30.04 

1-4582 


4 

281.0 

1268 

49-53 

1.4679 


5 

302.0 

1896 

74.06 

1.4817 
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Although Zelinsky and Pawlow consider the action as simultaneous oxida¬ 
tion and reduction of cyclohexene With the catalyst playing the part of a 
ferment, the true action is more likely to be the simple dehydrogenation of 
cyclohexene with the simultaneous hydrogenation of benzene, both of which 
are known to take place at these temperatures. 

Zelinsky (92) found that cyclohexene exhibited the simultaneous ^^oxida¬ 
tion and reduction” reaction even at room temperature, (^.yclohexene, 
sealed in a tube with palladium black for a period of eighteen days, formed 
benzene and cyclohexane. 

Homologs of cyclohexene gave a similar reaction when treated with a 
catalyst by Zelinsky and Pawlow (100). The same type of reaction occurred 
for T,4-dimethyl-3-cyclohexene. In a stream of carbon dioxide at 140° over 
palladium, the products obtained were 1,4-dimethylbenzene and 1,4-di- 
methylcyclohcxane. 

Similar action carried on at 116 to 118° over the same catalyst yielded 
toluene and methylcyclohexane from all three of the isomeric methylcyclo- 
hexenes. 

Radium bromide containing 0.0005 to 0.0006 grams of radium together 
with 1.5 cc. of cyclohexene was sealed into a tube by Zelinsky (83). Im¬ 
mediately upon introduction, the radium was covered with a black crust of 
carbon and at the end of a year a ^^black deposit” could be noted. The cyclo¬ 
hexene, by a series of decompositions, had acquired a dark yellow color. 
The unidentified products of decomposition were both simpler and more 
complex than cyclohexene. The complex products were formed under the 
influence of radiation. 

Although methylenecyclohexane was discussed in the section including 
cycloheyxl compounds, the similarity of the observed action to that of the 
cyclohexenes seemed to permit the inclusion of the compound in this section. 

Zelinsky (91) treated methylenecyclohexane with palladium black at 116 
to 118® and obtained toluene and methylcyclohexane. The mechanism was 
given as follows: 


I. 



(’H 

2 

2. 

CH 

2 

3 - 

CH 

3 

4 - 

CH 


II 



II 



1 



|H 

Hj 

/\ 

Hs 

H 

/\ 

n 

H 

/\ 

H 

H2 

/\ 










+ 



\x 


H 

\/ 

H 

H 

\/ 

H 

H2 

\/ 


H, 






H 



H* 


H2 

H2 


The first step was dehydrogenation. The resulting conjugated system 
isomerized to toluene, while the hydrogen from the first reaction changed two 
other methylcyclohexene molecules to hexahydrotoluene. 

3 C6Hio = CH 2-->C6H5-CH3 + 2C6Hu~CH8 
Alumina has also been used as a catalyst in the decomposition of cyclo¬ 
hexene, but the bomb method reaction has been employed in place of the 
flow method used with palladium. 
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Petrov (53) heated 60 grams of cyclohexene and 6 grams of alumina in 
a bomb at 400 to 440®. After 24 hours of heating, there was a pressure of 
S atmospheres remaining within the bomb. 

The gases contained 31 percent hydrogen and 60 percent CnH*„+j. The 
liquid products were fractionated and found to contain a small amount of 
unsaturated hydrocarbons with a greater portion of aromatic hydrocarbons, 
especially those of high molecular weight. Benzene was found to the extent 
of 1$ percent in a fraction boiling between 75 and 81®. 

If the action was 


H 

h/Sh* 



H 

h,^\h 


H 




H 


H 


+ 2H* 


it must have been accompanied by a secondary hydrogenation to form the 
stable cyclohexane compounds which were found in the product. 

A few cyclohexadiene homologs have been studied but not at high temper¬ 
atures, since it was found that increased temperature only accelerated the 
rate of polymerization. 

Henderson and Smeaton (31) found that T-methyl-3-isopropyl-4, 6-cyclo- 
hexadiene changed upon standing. The density and refractive index were 
raised; hence the molecular rotation, which depends on these factors, was 
decreased. This change was attributed to slow polymerization which oc¬ 
curred upon standing. 

The increase in ease of decomposition with increased unsaturation of the 
cyclic compounds is apparent from the foregoing examples of pyrogenic 
action. The fairly stable cyclohexane decreases in stability as one, and then 
two, molecules of hydrogen are removed, the -diene reacting similarly to any 
1,3 unsaturated hydrocarbon. Another dehydrogenation, however, forms ben¬ 
zene or aromatic compounds which are more stable than cyclohexane itself. 

Working with hydrocarbons of the “semibenzenetype, v Auwers and 
Ziegler (75A) found two kinds of reaction took place. The “semibenzene“ 
type hydrocarbon was a six-membered ring containing two double bonds, 
while the third point, of unsaturation existed in a side chain, directly bound 
by the double bond to the ring. If a high temperature was used or the com¬ 
pounds distilled, polymerization was observed to occur, but if a few drops 
of hydrochloric acid were added to the acetic acid solution of the “semi- 
benzene^^ hydrocarbon, an isomerization to the benzene compound took place. 

1.1- Dimethyl-4-methene-2,5-cyclohexadiene isomerized to pseudocumene. 

1.1- Dimethyl-4-propene-2,5-cyclohexadiene yielded asymmetrical propyl 
o-xylene. 

1,1,3-Trimethyl-4-ethene-2,5-cyclohexadiene gave symmetrical ethyl- 
pseudocumene. 
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i,i,2-Trimethyl-4-methene-2,5-cyclohexadiene produced only a small 
yield of isodurene because of concurrent polymerization. 

1,1,3and 1,1,2,6-Tetramethyl-4-methane-2,5-cyclohexadiene yielded 
pentamethylbenzene. 

I,I -Dimethyl-4-ethene-2,5-cyclohexadiene did not polymerize easily as 
the other compounds did, for it could be distilled at 175 to 178® with little 
change and even heated for one hour at 150 to 160® without any polymeriza¬ 
tion. Bromination gave the isomer, for only 1/5 to 1/4 of the theoretical 
amount of bromine absorbed. Likewise, hydrochloric acid gave the isomer, 
1,2,4-dimethyl-ethylbenzene. 

Hirshfeld, Meyer, and Connell (31 A) found that cyclohexane and 
I-methyl-1-cyclohexene when subjected to cathode rays gave these results: 




Total 
Gas cc. 

H, 

%by 

CH 4 
% by 

CnHan+i 

%by 

Vol. 



N.T.P. 

Vol. 

Vol. 

Cyclohexene 

C.H,« 

19.4* 

39 S 

1. 2 

59-3 

I -Methyl-1 -cyclohexene 

CjHi, 

14.0* 

66.5 

6.1 

27-3 


*Corrected for Vapor Pressure of Compound at Temperature of Test. 


Methylcyclohexene did not differ greatly from cyclohexene with respect to 
the quantity of gas formed, yet the composition of the gas greatly changed. 
Comparing methylcydohexene and cyclohexene, it was found that the 
methyl homolog gave a larger proportion of hydrogen and a smaller percent 
of paraffins containing more than one carbon atom. 

The reaction products resulting from the thermal, catalytic, cathode ray 
bombardment, and radium treatment of cyclohexene and cyclohexadiene are 
shown in Table XIII. 


Table XIII 

C 'yclohexene—Cyclohexadiene 


Reference 

Hydrocarbon 

°c. 

Catalyst 

Product 

Remarks 

No. 


Temp. 




(100) 

Cyclohexene 

92 

Palladium 

Benzene 






Cyclohexane 



1,3-Cyclohexa- 

92 

Palladium 

Benzene 



diene 



Cyclohexane 



Cyclohexene 

Room 

Palladium 

Benzene 

18 Days in 





Cyclohexane 

sealed tube 


1,4-Dimethyl- 

140 

Palladium 

Dimethyl- 



3-cyclohexene 


cyclohexane 



Methylcyclo- 

I16-118 

Palladium 

p-Xylene 



hexenes 



Toluene 



3 Isomers 



Methylcyclo- 






hexane 


(91) 

Methylene- 

116-118 

Palladium 

Toluene 



cyclohexane 



Methylcyclo- 



hexane 
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Table XIII (Continued) 

Cyclohexene—Cyclohexadiene 

Reference Hydrocarbon C° Catalyst Product Remarks 

No. Temp. 

(83) Cyclohexene Room Radium Oils Radiation 

Bromide agent 

(53) Cyclohexene 400-440 AI2O3 Hydrogen Bomb reac- 

C„H2n+2Gas tion 

Benzene 24 Hrs. 

Higher aro- heating 

matics 

(31) i-Methyl-3- Room None Polymerized 

isopropyl-4,6- 
cyclohexadiene 

(31 A) Cyclohexene — Cathode Hydrogen 

ray bom- Methane 

bardment Higher paraf¬ 

fins 

i-Methyl-i- — Cathode Hydrogen 

cyclohexene ray bom- Methane 

bardment Higher paraffins 

10. Cycloheptane 

The results of the hydrogenation and isomerization of cycloheptane to 
methylcyclohexane, as obtained by Willstiitter and Kametaka (81), have 
been included in Table V. Zelinsky (87) attempted to dehydrogenate cyclo¬ 
heptane by the action of his ^^specific catalyst,*^ platinum or palladium, but 
obtained no action. The ineffectuality of these catalysts on the ring struc¬ 
ture containing seven carbon atoms is in accord with the multiplet theory of 
Balandin. 

11. Cyclooctane 

Cyclooctane has been used as a subject of experimentation in only one 
instance. Unsaturated eight-membered rings, however, have been of interest 
because of their relation to benzene as a conjugated, unsaturated system. 

Zelinsky and Freimann (97) further tested the dehydrogenation theory 
of Balandin by passing cyclooctane over a dehydrogenating catalyst. 

If the theory was valid that dehydrogenation occurred only when the 
space lattice of the catalyst corresponded to the spatial arrangement of the 
atoms in the molecule, cyclooctane should not dehydrogenate when passed 
over a platinum catalyst. Zelinsky had shown this to be true for cyclopentane 
and cycloheptane and also had unpublished results which showed that 
cyclobutane was passive and did not dehydrogenate. 

Cyclooctane, passed over a platinum-charcoal catalyst at 300®, did 
partially dehydrogenate but not in the manner which is characteristic of the 
catalyst in its action with cyclohexane. The products of the action were 
hydrogen, bicyclooctane and methylcycloheptane. The bicyclo-(o,3,3)-oc- 
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tane was formed by dehydrogenation; while the methylcycloheptane resulted 
from isomerization. Further isomerization to dimethylcyclohexane did not 
occur, although the product was re-run over the catalyst several times. 
Dehydrogenation to xylene would occur if a cyclohexane homolog had been 
formed, but no xylene was found. 

The reaction was; 

2C8H„ CsHi 4 + H* -t- CsH,* 


CHs—CHr-CH* 

I I 

CH* 

1 1 

CHs—CHs—CHs 

Cyclooctane 


CHj—CH—CH* 



CHj—CH— 


Bicyclo-(o,3,3)- 

octane 


CHj—CHj—CH—CHs 

I 

CHi 

1 

CHj—CHr-CHj 
Methylcycloheptane 


AVillstiitter and Veraguth (8o) in preparing cyclooctadiene from the 
dibromide observed that the -diene compound formed by use of alkali was 
unstable while that formed by quinoline was quite stable. The first cyclooC' 
tadiene polymerized with almost explosive violence when warmed, while the 
latter compound was polymerized slowly even on heating, although the addi¬ 
tion of hydrogen bromide to either compound gave the same product. The 
first compound behaved as a conjugated double bond structure, while the 
latter contained the two double bonds in different positions. Thus the first 
may be a 1,3-diene, and the second a 1,4- or 1,5 unsaturated compound. 

The cyclooctadiene of Willstater and Veraguth differed from the isomeric 
tricyclooctane of Dobner (16) which was prepared from vinylacrylic acid by 
heating with barium hydroxide. The cyclooctadiene polymerized to dicy- 
clooctadiene with almost explosive violence when heated, but the tricyclooc¬ 
tane polymerized only slowly when heated to 250° under pressure. 

The reaction products from the treatment of cyclooctane, tricyclooctane, 
and cyclooctadiene are shown in Table XIV. 


Table XIV 

Cyclobctane—Tricyclooctane—Cyclooctadiene 


Refer- Hydrocarbon 
ence No. 

°c. 

Temp. 

Catalyst 

Product 

Remarks 

(97) Cyclooctane 

300 

Platinum 

Methylcyclo¬ 

heptane 

Bicyclo- 

(0,3,3)- 

octane 

Hydrogen 

Run until 
no further 
change 

(16) Tricyclodctane 

250 

None 

Polymers 

Heated under 
pressure 

(80) i,3-Cyclo6cta- 
diene 

'Warmed^^ 

None 

Pol 3 rmers 

Almost 

explosive 

i,S-Cycloocta- 

diene 


None 

Pol 3 aners 

Very slow 
action 
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12. Polynuclear Compounds 

The action predominating in the pyrolysis of hydroaromatic polynuclear 
compounds is dehydrogenation. All the compounds listed in this section 
show a tendency to lose hydrogen when heated either alone or with a catalyst, 
and to return to the corresponding aromatic hydrocarbon. 

Dihydronaphthalene, subjected to ‘^red heat'^ in a sealed tube, was found 
by Berthelot (7) to regenerate naphthalene and hydrogen. 

Bamberger and Lodter (5) also observed that dihydronaphthalene de¬ 
composed to naphthalene and hydrogen, when passed through a tube at a 
^^dark red heat.^^ 

When Jones (38) heated dihydronaphthalene with porcelain plates, it 
began to decompose at 390®, and at 420® the decomposition appeared to be 
complete. The gas formed consisted of 85.4 percent hydrogen and 14.6 
percent methane, and the solid obtained was identified as naphthalene. 

Zelinsky and Pawlow (100) found dihydronaphthalene at 130® over 
palladium-asbestos catalyst yielded naphthalene and tetralin. 

CioHs^2CioHio->CioHi2 


This equilibrium reaction was a function of temperature, for Wieland (79) 
was able to shake dihydronaphthalene with palladium black and obtain 
naphthalene and tetralin at room temperature. 

Alkyldihydroanthracenes passed over pumice at a ^low heat,^^ or over 
zinc dust, yielded anthracene, according to Liebermann (44). Ethyl- or 
isobutyldihydroanthracenc required higher heating, while the isoamyl com¬ 
pound decomposed by refluxing. 

Tetramethylanthracene dihydride was studied by Anschutz (i). He 
heated the compound with zinc dust to a “red heat’^ and recovered dimethyl- 
anthracene. The reaction may be represented as follows: 


(^H 3 

i 

C’H 


H 

C 


(;6H3-CH,^ CHj-CeH, 

\/ 

CH C 

1 1 

CH, H 


C’oHrC’H, 


Tetralin and decalin have been more fully studied than the other poly¬ 
nuclear naphthenes. Both non-catalytic, and catalytic actions have been used 
for their pyrogenic decomposition. 

Jones (38) pyrolyzed 1,2,3,4-tetrahydronaphthalene (tetralin) at 530®, 
although the action started at 490 to 500®. Naphthalene was the solid 
product obtained, while the gases were made up of 3.3 percent benzene and 
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higher olefins, 3.5 percent ethylene 80.2 percent hydrogen, 9.0 percept 
methane and 4.0 percent ethane. 

A more complete study of the pyrolysis of tetralin and decalin was made 
by Sundgren (69). The conclusions reached were that tetraUn gave the 
following reactions at temperatures of 580 to 650®, under atmospheric pres¬ 
sure and under 10, 15, 25, and 30 kg. per sq. cm.; 

1. Decomposition to aromatic hydrocarbons with unsaturated side chains. 

2. Cracking, characterized by the rupture of the hydrogenated ring to 
form aromatic hydrocarbons. 

3. Dehydrogenation to naphthalene. 

4. Decomposition to methane and carbon. 

5. Under pressure with hydrogen, decomposition was the same except 
that methane was the total product from the hydrogenation of the products 
of complete “dislocation.” 

Temperature and pressure influences: 

1. Increased temperature increased the speed of reaction, but not to the 
same extent for all of the above actions. 

2. Increased temperature decreased the number and length of side chains. 

3. Increased temperature changed the manner of rupture of molecules. 

4. Increased pressure favored carbon-carbon scission and allowed better 
heat transfer. More symmetrical rupture of the molecule was also noted. 

The use of catalysts slightly increased cracking while decidedly aiding 
dehydrogenation. 

The gases formed showed amounts of methane, ethylene, and hydrogen 
varying with the different temperatures used. Hydrogen, however, was 
always the chief constituent of the gases, with methane as the other main 
portion. Ethylene constituted only a small part of the total. Hydrogen 
varied from 56 to 85 percent, methane from 13 to 39 percent, and ethylene 
from I to 4 percent. 

Analysis of the low boiling liquid products from the pyrolysis of tetralin 
showed the following compounds resulting from cracking: Benzene, toluene, 
o-xylene, ethyl-benzene, stryene, allylbenzene, propenylbenzene, methyl- 
allylbenzene, propylbenzene and butenylbenzene. 

Thermal treatment of decalin resulted in the following reactions: 

1. Cracking of the molecule with the rupture of one or both rings. 

2. Total or partial dehydrogenation. 

3. Condensation or polymerization. 

4. Total rupture of the molecule to form carbon, methane, and hydrogen. 

The products of cracking are composed almost entirely of aromatic hydro¬ 
carbons, the rupture occurring in one ring much more frequently than in 
both rings. 

When decalin was treated under pressure with hydrogen, the products of 
total rupture, contrary to those obtained from tetralin, were not hydrogenated 
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to methane. The deposit of carbon at 650® became so great as to cause the 
tube to burst. 

The gases obtained contained methane, ethane, propane, butane, ethylene, 
propylene, butylene, acetylene, and hydrogen. 

The liquids were composed, mostly, of aromatic hydrocarbons of from 6 to 
20 carbon atoms, while there were small amounts of saturated aliphatic 
hydrocarbons, and some saturated and unsaturated cyclic hydrocarbons. 
Among the liquid constituents were: Benzene, toluene, o-xylene, naphthalene, 
methylnaphthalene, tetralin, cyclohexene, cyclohexadiene, pentane, hexane, 
and hexene. 

Other work has been done on the decomposition of tetralin and decalin 
using catalysts of various kinds. 

Zelinsky (90) obtained naphthalene and unchanged decalin when he 
passed the latter compound over palladium black at 300°. Because of the 
absence of tetralin or other hydrogenated naphthalenes, he concluded that all 
the hydrogen atoms were lost at once and the action did not proceed in steps 
with the formation of intermediate hydrogenated compounds of naphthalene. 

Zelinsky and Turowa-Pollak (107) found that when transdecalol was 
heated at 290 to 300® with hydriodic acid, the product was isomerized from 
decalin, for the acid reduced the naphthol to the hydrocarbon. The compound 
obtained was a hydrocarbon of formula ('loHis, yet it did not dehydrogenate 
when passed over platinized active charcoal at 300®. The compound formed, 
then, could not have been decalin which dehydrogenated under such condi¬ 
tions. The hydrocarbon 2,8-dimethylbicyclo-(o,3,3,)-octane was favored 
as the most likely form. Ring rupture also occurred, since methyl and 1,2- 
dimethylcyclohexane were identified in the low boiling products. 

Decahydronaphthalene (decalin) at 100® in the presence of aluminum 
bromide was isomerized from the cis-form to the trans-form. Nuclear 
isomerization also occurred in this reaction, similar to the transformation 
described above. At 190® there was less isomerization with a greater tendency 
toward rupture of the ring and formation of substituted cyclohexanes. The 
trans-form, obtained by isomerizing the cis-decalin, was quantitatively de¬ 
hydrogenated to naphthalene by platinized charcoal at 300®. 

Schroeter (62) treated tetralin with i to 1.5 percent anhydrous aluminum 
chloride at 30 to 40®. Thirty percent yield of a mixture of hydrocarbons was 
obtained and then separated into two parts. The higher boiling portion was 
shown to contain octahydrophenanthrene and octahydroanthracene, while 
benzene was found in the low boiling portion. The octahydro compounds 
were identified by dehydrogenation with passage over heated copper. The 
mechanism of the reaction was postulated as the splitting of the hydrogenated 
ring to form benzene and a residual radical. This radical combined with a 
tetralin molecule by hooking to the benzene ring in the ortho position. 

By a series of chemical reactions it was proven that the octahydro com¬ 
pounds had the following structures: 



THERMAL REACTIONS OF PARAFFINS 
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Continuing the study of tetralin with aluminum chloride, Schroeter (63) 
treated 1500 grams of tetralin with 30 grams of anhydrous aluminum chloride. 
The action was allowed to continue for 6 to 10 hours at a temperature of 50 
to 70®. After hydrolysis with dilute acid, the product was distilled. 

In all, 4.5 kg. of tetralin was used for reaction with aluminum chloride. 
Distillation of the product gave 3.4 kg. boiling below 120® at 15 mm. pressure. 
Refractionation of this gave 120 grams of almost pure benzene, while the 
greater portion was unchanged or was regenerated tetralin. The higher boil¬ 
ing materials will be taken up separately in the following paragraphs. 

As shown previously, octahydrophenanthrene, (Octanthrene) and octa- 
hydroanthracene, (Octhracene) were identified in the products of reaction, 
and in this case they occur in the portion distilling at 160 to 190® under 15 
mm. pressure. Octhracene, melting at 73 to 74® and boiling at 293-295® 
under 760 mm. or 167® under 12 mm. pressure, was identified by distilling 
with sulfur, zinc, or copper at 180 to 220®, and at 550® with copper. The 
formation of anthracene was the action observed in each case. 

Octanthrene, boiling at 295® under 760 mm. or 167.5® under 13 mm. 
pressure and melting at 16.7®, was identified by dehydrogenation to phen- 
anthrene. 

Another solid was obtained in this same fraction which had an empirical 
formula of CuHie, determined by analysis. This hydrocarbon melted at 
54 to 55®. 

Another fraction of 450 grams was taken, boiling at 230 to 245® under 15 
mm. pressure. The viscous, fluorescent, pale yellow oil was redistilled at 236 
to 237® under 13 mm. pressure. This fraction indicates a C20H24 hydrocarbon, 
which by oxidation and dehydrogenation was shown to be a-phenyl-5-2- 
tetralylbutane. A second hydrocarbon melting at 53-54® was found in the 
higher boiling portion of this fraction. By dehydrogenation to 2,2-dinaphthyl 
and by oxidation to i,2,4-phthalylacetic acid, this C20H22 hydrocarbon was 
identified as 2, 6'-ditetralyl. 

CH2 - CH2 CH2 - C6H4 

\ / 

CsH, - CH 

/ \ 

CH, - CH, CH, - CH, 


When 250 grams of octhracene were heated with 12.5 grams of aluminum 
chloride at 70 to 80® for 3 hours, 100 grams of octhracene were recovered 
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from the hydrolyzed product. Octanthrene was obtained in a yield of loo to 
110 grams. After removal of the octahydro compounds, there remained i i-i 2 
grams of an ether-soluble, high boiling material which was divided into two 
portions, one melting at 233® and the other at 320®. The lower melting 
substance was identified as dodecahydrotriphenylene: 

I-CHa - CHa 

CH2 - CHj—CH* - CHs 

I 

CHi - CHs—I CH* - CH2 

Y ' 

I-CHs - CHs 

After ether extraction there remained about 10 grams of high boiling oil 

which formed tetralin and octahydro compounds when distilled with aluminum 
chloride. 

The author considered this liquid to be a mixture of phenylene-bis- 
octanthrenylbutane, 

C6H4(Cn2-“CH2-CH2-(^H2-C\4Hi2)2 

and tetralyl-octanthrenylbutane 

CioHii - CH2 - CHa - (^Ha - CHa - ChHh, 

which are intermediate in the formation of triphenylenedodecahydride. 

The same results were obtained if octanthrene was used in place of 
octhracene. 

An outline given by Schroeter for the change of tetralin to a-phcnyl-6-2- 
tetralylbutane may be presented as follows: 
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Regeneration of two mols of tetralin from o-phenyl-S-a-tetralylbutane: 


CH* - CHs - CHj - CH* CH - CH* 

JJ ^C 6 H 4 + 

CHj - CHj '''CllciAlCeH4-C H! CHj - (.'Hj 


i-5-Tetrabutyl-4-phenyl Tetralin 

aluminum chloride hydrochloride 


Vn 2 ~ CHa 

Alc u-c«n 4 

4-6-C’hlorbutylphenyl 
aluminum chloride 



CH2 - (TI2 

^C6ll4 + AICI3 
('Hs - ('II2 

Tclralin 


The change of a-phenyl-6-2-tetralylbutane to octhracene: 


( Hs 

('H2 

('Hj 

CHj 



C’eUe + 


CHj (’Hs-('H2 




CH2-CTI2 

(1 


('Ha - ('Hj ('Ha 

^CeHa<^ 

('Ha - ('Ha CHa 


- CHa 

+ Aid 

- CHa 


A similar j^raphic presentation could be made for the formation of octanthrene 
from octhracene. 

V. Braun, Hahn, and Seemann (q), interested in a method for the prepara¬ 
tion of jS-substituted naphthalene compounds, found that a hydrogenated 
naphthalene such as tetralin, when alkylated, did not give the mixture of a 
and p compounds in the same proportion as from naphthalene, but gave 
mostly the compound. By passage through a *‘hot^' tube, the compound 
could be dehydrogenated to the corresponding naphthalene. /8-Ethyltetralin 
passed through a tube at 650 to 750® gave a yield of 20 percent /8-ethyl- 
naphthalene after purification. 

Zelinsky and Borissow (95) heated bicyelo-(o,3,4)-nonane over palla¬ 
dium asbestos catalyst at 300° and obtained bicyclo-(o,3,4)-nonadiene- 
2, 4. Zelinsky and Kommarewsky (97) used a nickel-aluminum hydrate 
catalyst with the same hydrocarbon at 300® and obtained similar results. At 
320 to 325® the nickel catalyst caused decomposition to products among which 
benzene and toluene were identified. The same result was obtained with an 
ordinary nickel catalyst at the same temperature as that used with palladium 
except that the material was re-run a number of times. 
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Zelinsky and Titz (103) again tested the action of hydrindane, (bicyclo- 
(o,3,4)-nonane) over platinized charcoal at 300® to 310®, dehydrogenating 
it to hydrindene. Zelinsky and Borissow had previously obtained a product, 
C9H12, which was now shown actually to be a mixture of two parts of hydrin¬ 
dene and one part of hydrindane. Padoa and Fabris (52) obtained hydrogen 
and unidentified gaseous hydrocarbons when hydrindene was passed over 
nickel at 300® in a hydrogen atmosphere, 

Hexahydrofluorene was obtained by Pictet and Ramseyer (54) from the 
extraction of a French coal, Montrambcrt (Loire), with benzene. The hydro¬ 
carbon oxidized easily in the air and polymerized upon heating. Subjected 
to a ‘'red heat’’ by passage through a combustion tube in a stream of dry 
hydrogen, it formed fluorene and hydrogen. To show that the fluorene was 
derived from the hydride, other tests, such as oxidation experiments, were 
made upon the compound. 

Orlov and Belopolski (51) pyrogenically decomposed the perhydrides of 
fluorene and acenaphthene. 

Fluorene perhydride passed through a tinned iron tube at 750® formed 
cyclopentadiene, indene, and naphthalene. The product boiling at 200 to 
235®, which was obtained from Berginization of the fluorene perhydride, was 
treated in a similar manner. The products identified were cyclopentadiene, 
benzene hydrocarbons, indene and naphthalene. Thus fluorene perhydride 
may be postulated as being decomposed according to the scheme: 



(’racking perhydroacenaphthene at 650® yielded liquid and gaseous prod¬ 
ucts. The gases obtained included 26.8 percent of CnH2,i, 43.9 percent of 
CnH2n+2, and 29.4 percent of hydrogen. The unsaturated gases were a mixture 
of ethylene and propylene. The liquid products consisted of cyclopentadiene, 
indene and homologs of indene, toluene, and some undetermined unsaturated 
hydrocarbcns. ''I’he reaction iray be formulated: 



Chryseneperhydride, pyrolyzed by Liebermann and Spiegel (45) over 
pumice at a “low heat,” did not yield any chrysene. When zinc dust was used 
at a “little higher heat,” the hydride formed almost all chrysene with little 
unchanged material. Hexadecahydrochrysene gave similar results when sub¬ 
jected to the same heating conditions. 
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Mannich (46) passed dodecahydrotriphenylene over copper at 450 to 500° 
and obtained triphenylene, “the next higher homolog in the series benzene- 
naphthalene-anthracene.” The reaction may be pictured as follows: 

C18H24 —^ Ci8Hi2 6H2 


H 

H 



Ha 


H 


H2 


H 



H 

H 


H 

H 


H 


\X\/\ 

H 


H 

A 


H 


Becker (6) found that passing a high tension discharge through hydro¬ 
genated cyclic hydrocarbons in a Siemens ozonizing tube gave a complex 
mixture of saturated and unsaturated compounds formed from degradation 
products of the original hydrocarbon. 

Decalin yielded butane and various unidentified unsaturated hydro¬ 
carbons with as high as 25 percent of resinous condensation products of high 
molecular weight, having a boiling point above 200® under less than i mm. 
pressure. 

Tetralin, when treated in air, yielded hydrogen cyanide and other nitrogen 
compounds, but if hydrogen was used, and the tetralin was treated in the 
vapor phase, a yield of 2 5 percent of a colorless, almost solid resin was obtained. 

If the operation was conducted in a Geissler tube, the resin produced 
yielded, after extraction with acetone, colorless crystals of ditetralyl, C20H22, 
formed by the condensation of two mols of tetralin with the elimination of 
one mol of hydrogen. From the remaining resin, vacuum distillation gave 
two fractions, a yellow oil, np 1.5948, and colorless crystals. 

The bombardment with cathode rays of decalin, tetralin, and naphthalene 
by Hirshfeld, Meyer, and Connell (31 A) showed very clearly the difference 
in the behavior of a naphthene, unsaturated naphthene, and aromatic hydro¬ 
carbons. The naphthene, decalin, gave off the greatest volume of gas when 
bombarded by cathode rays, while tetralin, an unsaturated naphthene, gave 
an intermediate amount, and naphthalene, an aromatic hydrocarbon, the least. 


Naphthalene 

CioHs 

Total Gas 
cc. N.T.P. 

0.6 

H, 

% by Vol. 

CH* 

% by Vol. 

CnH2n+2 
% by Vol. 

Tetralin 

C10H12 

2.8 

86.2 

35 

8.1 

Decalin 

Ci,Hi8 

37-2 

98.7 

0.2 

1-3 


The effect of temperature with and without catalysts and electric dis¬ 
charge on the polynuclear hydrocarbons is shown in Table XV, along with 
the products of the reactions. 
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Table XV 


Polynuclear (Compounds 


Reference Hydrocarbon 

°c. 

Catalyst 

Product 

Remarks 

No. 


Temp. 




(7) 

Dihydronaph¬ 

“Red 

None 

Naphthalene 

Sealed tube 


thalene 

Heat” 


Hydrogen 

action 

(5) 

Dihydronaph¬ 

“Dark 

None 

Naphthalene 

Flow 


thalene 

Red” 


Hydrogen 

method 

(38) 

Dihydronaph¬ 

420 

Porcelain 

Naphthalene 



thalene 



Hydrogen 

Methane 


(44) 

Ethyldihydroan- 

“Low 

Zinc Dust 

Anthracene 

No other 


thracene 

Heat” 



products 

given 


Isobutyldihydro- 

“Low 

Zinc Dust 

Anthracene 

No other 


anthracene 

Heat” 



products 

given 


Isoamyldihydro- 

Re¬ 

Zinc Dust 

Anthracene 

No other 


anthracene 

fluxed 



products 

given 

(98) 

Dihydronaph¬ 

130 

Palladium 

Naphthalene 

Flow method 


thalene 



Tetralin 

with indefinite 
contact time 

(79) 

Dihydronaph¬ 

“Room” 

Palladium 

Naphthalene 

Materials 


thalene 



Tetralin 

shaken to¬ 
gether 

(i) 

Tetramethyl- 

“Red 

Zinc Dust 

Dimethyl- 

Hydrogen 


anthracene dihy- 

Heat” 


anthracene 

likely the 


dride 




gaseous 

product 

(38) 

Tetralin 

53 ° 

Porcelain 

Naphthalene 
Benzene 
Hydrogen 
Ethylene and 
^‘Higher Olefins^^ 


(69) 

Tetralin 

580-650 

None 

Hydrogen 



Methane 

Ethylene 

Benzene 

Toluene 

o-Xylene 

Ethylbenzene 

Styrene 

Allylbenzene 

Propenylbenzene 
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Keference Hydrocarbon 
No. 

{69) Decalin 


(62-63) Tetralin 


(90) Decalin 
(107) Decalin (trans.) 


Table XV (Continued) 

®C. Catalyst Product Remarks 

Temp. 

Methylallyl- 

benzene 

Propylbenzene 

Butenylbenzene 

580-650 None Methane 

Ethylene 

Hydrogen 

Ethane 

Propane 

Butane 

Acetylene 

Propylene 

Butylene 

Benzene 

Toluene 

o-Xylene 

Naphthalene 

Methylnaphthalene 

Tetralin 

Cyclohexene 

Cyclohexadiene 

Pentane 

Hexane 

Hexene 

30-40 AICI3 Octahydrophen- 

anthrene 

Octohydroan- 

thracene 

Benzene 

a-Phenyl-5-2- 

tetralylbutane 

Dodecahydrotri- 

phenylene 

Phenylene bis- 

octanthrenyl- 

butane 

Tetralyloctan- 

thranylbutane 


300 

Palladium 

Naphthalene 



Hydrogen 

300 

HI 

2,8-Dimethyl- 


bicyclo-(o,3,3)- 

Octane 
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Table XV (Continued) 


Reference Hydrocarbon 

°c. 

Catalyst 

Product 

Remarks 

No. 


Temp. 







Methylcyclohexane 





o-Dimethylcyclo- 

hexane 



Decalin (cis.) 

100 

AlBra 

Decalin (trans.) 

Other isomeri¬ 
zation also 


Decalin (cis.) 

190 

AlBrs 

Alkylcyclo- 

Less isomer¬ 





hexanes 

ization 

( 6 ) 

Decalin 

— 

Silent 

Butane 

Resin b. p. 



Discharge 


above 200® 
Less than i 
mm. pressure 



( 6 ) 

Tetralin + Air 

— 

Silent 

HCN 




Discharge 

Nitrogen com¬ 
pounds 



( 6 ) 

Tetralin + Hj 

Vapor 

Silent 

Resin 





Discharge 

Ditetralyl 

A yellow oil 
Colorless crystals 


( 9 ) 

) 3 -EthyItetralin 

650-750 

None 

jS-Ethyl- 

naphthalene 


( 9 S) 

Bicyclo-(o,3,4)- 

300 

Palladium 

Bicyclo-(o,3,4)- 



nonane 



nonadiene-2,4 


(97) 

Bicyclo-(o,3,4)- 

300 

Ni-aluminum 

Bicyclo-(o,3,4)- 



nonane 


hydrate 

nonadiene-2,4 



Bicyclo-(o,3,4)- 

300 

Nickel 

Bicyclo-(o,34)- 

Contact 


nonane 



nonadiene-2,4 

time longer 


Bicyclo-(o,3,4)- 

325 

Nickel 

Benzene 

Other prod¬ 


nonane 



Toluene 

ucts not 
identified 

(103) 

Bicyclo-(o,3,4)- 

300-310 

Platinum 

Hydrindene 



nonane 



Hydrindane 


(52) 

Hydrindene 

300 

Nickel 

Hydrogen 

Unsaturated 

hydrocarbon 

gases 


( 54 ) 

Hexahydro- 

^^Red 

None 

Hydrogen 

Decomposed 


fluorene 

Heat^^ 


F'luorene 

in stream of 
dry hydrogen 

(si) 

Fluoreneper- 

750 

Tinned Iron 

Cyclopentadiene 



hydride 


Tube 

Indene 

Naphthalene 



^'Berginized^^ 

750 

Tinned 

Cyclopentadiene 



Fluorene 


Iron Tube 

Benzene homologs 



perhydride 



Indene 
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Table XV (Continued) 


Reference Hydroeiirbon 

‘’C. 

Catalyst 

Product 

Remarks 

No. 


Temp. 




(SI) 

Aoenaphthene- 

650 

Tinned 

Hydrogen 



perhydride 


Iron Tube 

Ethylene 

Propylene 

CnH2n4.2 Gases 

Cyclopentadiene 

Indene 






Indene homologs 
Toluene 
Unsaturated 
liquids 

undetermined 


(45) 

Chryseneper- 

“Low 

Pumice 


No prod¬ 


hydride 

Heat” 



ucts stated 


Chryseneper- 

“Low 

Zinc Dust 

Chrysene 



hydride 

Heat” 


Hydrogen 



Hexahydro- 

“Low 

Zinc Dust 

Chrysene 



chrysene 

Heat” 


Hydrogen 


(46) 

Dodecahydrotri- 

450-500 

Copper 

Triphenylene 



phenylene 



Hydrogen 


(31 A) 

Decalin 

— 

Cathode 

Hydrogen 





rays bom¬ 

Methane 





bardment 

Higher paraffins 



Tetralin 

— 

Cathode 

Hydrogen 





rays bom¬ 

Methane 





bardment 

Higher paraffins 



13. Unclassified Hydrogenated Cyclic Hydrocarbons 

The action of dicyclohexyl hydrocarbons at 300® with platinum black as 
catalyst would be expected to split off hydrogen from the cyclohexyl group 
with the formation of aromatic hydrocarbons. 

Dicyclohexyl was dehydrogenated to diphenyl in the usual manner over 
platinum black at 300® by Zelinsky, Titz and Fatejew (105). Dicyclohexyl- 
mcthane dehydrogenated over the platinum catalyst at 300®, but the 
expected product, diphepylmethane, was not obtained. Zelinsky, Titz, and 
Gaverdowskaja (106) identified the product as fluorene. 

Zelinsky and Titz (103) also decomposed 1,2-dicyclohexylethane over 
platinum. The decomposition was shown to occur in steps, for diphenyl- 
ethane was obtained under certain conditions, but dihydrophenanthrene was 
not found because of its ease of dehydrogenation. 

Zelinsky, Titz and Gaverdowskaja found that both diphenylmethane and 
diphenylethane dehydrogenated at 200® over a platinum catalyst to give 
fluorene and phenanthrene respectively. 
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CeHu-CHj- 

CHj-C«Hu 

CeHs-CH*- 

-CH2-C,] 

1,2-Dicyclohcxylethano 

I, 2-Diphenylethane 

CHr 

— CH* 



/ 

\ 

// 

=\ 

/\ 

■ 



X-/ 




9,1 o-Dihydrophonanthrene 

Phenanthrene 


Egorova (21) obtained cyclohexylideneothylene, C6Hio = C«=CH2 by 
heating cyclohexylacetylene at 140° with alcoholic potassium hydroxide. 
The newly formed allene compound isomerized to i-vinyl-1-cyclohexene 
when heated with benzoic acid in a sealed tube at 170®. 

These hydrocarbons and their reaction products are shown in Table XVI 
under the heading of unclassified hydrogenated cyclic hydrocarbons. 


Table XVI 



Unclassified Hydrogenated Cyclic Hydrocarbons 


Reference 

No. 

Hydrocarbon 

°c. 

Temp. 

Catalyst 

Product 

Remarks 

(105) 

Dicyclohexylmethane 

300 

Platinum 

Fluorene 


(103) 

Dicyclohexylethane 

300 

Platinum 

Anthracene 


(21) 

(Cyclohexylacetylene 

140 

Ale. KOH 

Cyclo- 

hexylidene- 

ethylene 



Cyclohexylidene- 

cthylene 

170 

Benzoic 

Acid 

i-Vinyl- 
I -cyclo¬ 
hexene 

Sealed 

tube 


14. Petrolevtm Products 




The pyrolysis of hydrocarbons obtained from petroleum fractions neces¬ 
sarily includes more than one compound. The hydrocarbons designated as 
heptanaphthene or octanaphthene imply an analysis of C7H14 and CsHie 
respectively, the exact structure of the compounds being unknown or un¬ 
certain. Thus, a fraction of unknown chemical constitution may be postu¬ 
lated to be made up of certain compounds because of the appearance of 
specific decomposition products. 

A. Non-Catalytic 

Oglobin (50) pyrogenated crude naphtha in order to produce benzene by 
dehydrogenation and decomposition of the naphthenes in the charging stock. 
The pyrolysis consisted of passing the naphtha through a tube heated at 525 
to 550®, the products being separated into three fractions, (i) that boiling 
above 200®, (2) that boiling below 200®, (3) and the gas. The second fraction 
was further subjected to heat by a passage through a tube at 1200®, under a 
pressure of two atmospheres. 
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Fractionation of the products gave gas, liquid, and solid substances. 
One fraction of the liquid contained benzene, toluene and xylene, while the 
solids were naphthalene and anthracene. This process of dehydrogenation 
gave a yield of over 6 percent benzene from the crude naphtha used. 

From the cracking of machine oil from Baku crude at 463® under 12 atmos¬ 
pheres pressure, Sachanen and Tilitschejew (59) concluded that the cracking 
of naphthenes consisted of two chief reactions: (a) the splitting of the side 
chain; and (b) isomerization and dehydrogenation to the corresponding 
aromatic hydrocarbon. Dehydrogenation without a specific catalyst took 
place more readily with the higher homologs than with cyclohexane itself. 

Egloff, Twomey and Moore (20) subjected two “naphthene base'^ oils to 
temperatures of 550, 600, 650, and 700® under pressures of one and eleven 
atmospheres. 

Oil #i gave 15.8 to 19.3 percent of gasoline at one atmosphere, while at 
eleven atmospheres pressure the percent of gasoline increased to a maximum 
of 26.2, based upon the starting material. Oil #2 gave 5.3 to 15 percent 
gasoline and a maximum of 20.1 percent respectively for the above conditions. 


Temperature, ®C. 

Table XVII 

Oil No. I 

One Atmosphere Pressure 

550 600 

650 

700 

Benzene 

Percent by Volume 

02 1 .1 

2.6 

3-9 

Toluene 

1.8 2.3 

4-7 

2.5 

Xylene 

5-7 b -7 

6.8 

6.5 

Benzene 

Eleven Atmospheres Pressure 
0.9 2.7 

4-4 

5.0 

Toluene 

3-8 5-5 

6.0 

5.2 

Xylene 

7.4 8.1 

5-3 

3-6 

Temperature, ®C\ 

Oil No. 2 

One Atmosphere Pressure 

550 600 

650 

700 

Benzene 

Percent by Volume 

0.9 0.9 

2 . 6 

4.2 

Toluene 

2.0 2,2 

4.0 

4.5 

Xylene 

2.3 2.7 

3-4 

2.0 

Benzene 

Eleven Atmospheres Pressure 
0.4 2.0 

7.2 

6.5 

Toluene 

2.1 6.1 

S -9 

3-3 

Xylene 

3-3 5-9 

5-1 

2.3 
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The unsaturated hydrocarbons in the fractions boiling up to 175® varied 
from 12 to 52 percent and 6 to 48 percent at one and eleven atmospheres 
pressure respectively for oil #1. In oil #2 the results were 10 to 54 percent 
and 4.5 to 45 percent respectively. 

The formation of benzene, toluene, and xylene, which are constituents 
of the gasoline mentioned above, is best shown in Table XVII quoted from 
these authors. 

The percentage of starting oil which decomposed to form carbon and gas 
increased with increase of temperature and pressure. The minimum of 10 
percent formed at 550® under one atmosphere pressure, the maximum of 69.3 
percent at 700® under 11 atmospheres pressure. 

The importance of the composition of oil in the thermal reaction was 
brought out clearly by these authors. Thus we find: 

*The two naphthene base oils, although somewhat similar in characteris¬ 
tics as to distillation and specific gravity analysis, gave widely different per¬ 
centage yields of gasoline, unsaturates, benzene, toluene, and xylene under 
the same conditions of temperature and pressure. This emphasized the im¬ 
portance of the starting oils in cracking phenomena when yields of certain 
types of hydrocarbons are desired in maximum quantity.’^ 

B. Catalytic 

I. Aluminum, Chloride, Zelinsky and Smimow (101) decomposed 
^‘heptanaphthene’^ obtained by fractionation of Baku petroleum (b. p. loi to 
102® at 740 mm. du = 0.7695) by heating in sealed tubes at 100 to 300® 
with varying proportions of aluminum chloride. Fifteen grams of “hepta- 
naphthene’^ was heated with 18 grams of aluminum chloride at increasing 
temperatures from 100 to 300®, and the gas was removed after certain periods 
of heating. The yield of gas corresponding to the empirical equation: 

3C7HH = 4C4H10 + (5C + H2) 

The isobutane formed may be assumed to come from the cyclobutane- 
AK^la complex formed by the decomposition of the ‘‘heptanaphthene.” The 
C4H8-AICI3 complex may hydrogenate and split, thus: 


H2C-(^H2 H2C-CH 


AlC 1, 


AlC I, 



/ 


+ 112 


H,C— 

—c:h. 

HC— 

—CH, 

H,C 

c;h, 

H,C 

CH 


AICI3 

/ 

H(: (’.Hs 


1 / 

HC-CH, 


+ AlCl, 
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Egioff and Moore (19) treated the six 25® fractions boiling from 150 to 300° 
from a naphthene base oil with aluminum chloride to about 100® for a period 
of twelve hours. The material boiling below 100® was removed from the 
spiMre of action as soon as it was formed. 

T^e change in the original oils with respect to gasoline formation—that is, 
the liquid boiling below 150®—was studied as well as the specific gravity and 
refractive index. The formation of aromatic hydrocarbons is most important 
beeause of the relation of naphthenes to aromatics. 



Gasoline was formed from the oil, using aluminum chloride as catalyst, to 
the extent of 18.4 to 32.1 percent. The maximum conversion occurred with 
the oil of higher boiling point. 

The graph given by the authors shows the results of the action of aluminum 
chloride upon the six oil fractions with respect to aromatic hydrocarbon 
formation. 

2. Metuis. Zelinsky (86) (89) passed various fractions of petroleum 
distUlate from Baku crude over a platinum catalyst at 300®. The fractions 
102 to 104® and 100 to 100.5® were similarly treated with the catalyst. The 
first fraction was untreated before use, but the second portion had been 
treated with nitric-sulfuric acid mixture. The results of dehydrogenation 
were similar in both cases, indicating about 50 percent cyclohexane deriva¬ 
tives in each of the original fractions, based upon the hydrogen evolved. The 
residue was analyzed for naphthenes, and it was concluded that they were 
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Table XVIII 

Naphthenic Petroleum Hydrocarbons 


Reference Hydrocarbon 

"C. 

Catalyst 

Product 

Remarks 

No. 


Temp. 




(so) 

Naphtha 

525-550 

None 

Gas 

Decomposition 





Liquid boiling of naphtha 





above 200° 

carried out 





Liquid boiling 
below 200° 

in two steps 


Liquid boiling 

1200 

None 

Benzene 

Two atmos¬ 


below 200° 



Toluene 

pheres pres¬ 





Xylene 

Naphthalene 

Anthracene 

sure 

Uoo; 

Baku petroleum 

100-300 

AICI3 

Carbon 

Sealed tube 


fraction 101-102° 



Hydrogen 

Isobutane 


( 86 ) 

Fraction 102-104° 

300 

Platinum 

Hydrogen 

The aromatics 
not determined 

( 8 g) 

Fraction 100-100.5 

300 

Platinum 

Unchanged cy 
clopentanes 



Fraction octanaph- 

■ 300 

Platinum 

No change in 

Naphthenes 


thene 100-100.5° 



liquid 

consist of 





Little hydro¬ 

other than 





gen evolved 

cyclohexanes 

(40) 

Decalin 

320-330 

Platinum 

Naphthalene 



Methyldecalin 

320-330 

Platinum 

a-Methyl- 

naphthalene 



Dimethyldecalin 

320-330 

Platinum 

1,6 and 2,6- 

Dimethylnaph 

thalenes 

i- 

(61) 

Naphthenic oils 

— 

Cathode 

Hydrogen 





Kays 

Methane 






Higher gaseous 





parafiSns 


(19) 

Naphthene base 

100 

AICI3 

Gasoline 



oil 



Benzene 

Toluene 

Xylene 


(20) 

Naphthene base 

550 

None 

Gasoline 

Under pres¬ 


oil 

600 


Benzene 

sures of I- 11 



650 


Toluene 

atmospheres 



700 


Xylene 



Unsaturated 

hydrocarbons 

Carbon 

Gas 
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cyclopentane derivatives. '^Octanaphthene, isooctanaphthene, and nona- 
naphthene” fractions were passed over the catalyst under similar conditions, 
but not much hydrogen was evolved. It was evident, then, that these frac¬ 
tions did not consist of cyclohexane homologs, which produce quantitative 
amounts of hydrogen, but were made up of other cyclic compounds and of 
mixtures of cyclic and paraffinic hydrocarbons. 

Tausz and Putnoky (73) applied Zelinsky^s method to the analysis of 
mixtures of cyclohexane and aliphatic hydrocarbons and of the lower boiling 
fractions of petroleum that might contain cyclohexane. Calculation from the 
amount of hydrogen liberated from any mixture gave a good approximate 
value for cyclohexane, A synthetic mixture of hexane and cyclohexane, 
analyzed by this method, gave fair results, usually within one-half of one 
percent of the true value for cyclohexane. 

Kaffer (40) used Zelinsky^s dehydrogenation catalyst as a means of iden¬ 
tifying decalin in crude oil. The fraction of crude oil which contained the 
naphthenes, decalin, methyldecalin, and dimethyldecalin, was used as a 
starting material. This mixture was passed several times over a platinum- 
charcoal catalyst at 320 to 330°. After each passage, the aromatic compounds 
formed were removed by concentrated sulfuric acid. 

The decalin present formed naphthalene; methyldecalin gave a-methyl- 
naphthalene; and the dimethyldecalin gave a mixture of 1,6 and 2,6-di- 
methylnaphthalenes. These products were identified by physical constants 
such as the melting point and the picrate melting point. Mixed melting points 
were made with each material used. 

Schoepfle and Connell (61) studied the action of cathode rays upon hydro¬ 
carbon oils. Using a “naphthenic^’ oil of unknown source, but of “moderate 
or high refinement,they subjected the oil to cathode rays at 0°. 

When “moderately refined’’ oil was used, one-half hour of bombardment 
gave 10 cc. of gas while with “highly refined” oil 35 cc. was obtained under 
the same conditions. This gas was found to be about 90 percent hydrogen, 
while the remainder was methane and higher saturated hydrocarbons in the 
proportion of i to 2. 

Table XVIII records the treatment of naphthene mixtures from petroleum 
and the reaction products obtained. 

15. Summary 

The hydrocarbons incorporated here have been limited to hydrogenated 
cyclic compounds. Although unsaturated compounds of the type which 
includes tetralin and cyclohexene are not, strictly speaking, naphthenes or 
polymethylenes, the class has been included because of a similarity in re¬ 
actions with those of pure naphthenes. 

Reactions found to take place under the various stipulated conditions 
may be divided into the following types: (i) Carbon-carbon scission, (2) 
hydrogenation or dehydrogenation, (3) polymerization or depol5rmerization, 
and (4) isomerization. Any one of these reactions, combinations, or all of 
them may take place when a hydrocarbon is treated with some activating 
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agency, such as heat or a chemical. The stability of the ring structure, and 
the relation of this ring to the whole molecule are the criteria by which the 
hydrocarbon reaction may be postulated. 

The decomposition of the various polymethylene rings may be reviewed 
briefly. (Cyclopropane, cyclobutane, cyclooctane, and cycloheptane undergo 
a breaking of the carbon-carbon bond, the ease of rupture decreasing among 
the hydrocarbons in the order named. On the other hand, cyclohexane gives 
a carbon-hydrogen scission more readily than a carbon-carbon break, while 
cyclopentane is apparently resistant to either type of scission. 

These decompositions are evidenced by the fact that in the first four 
polymethylenes named, ring rupture and isomerization occurs to form more 
stable compounds. Cyclopropane yields propylene, cycloheptane gives 
methylcyclohexane, while cyclooctane produces methylcycloheptane, al¬ 
though some dehydrogenation also occurs to form bicyclooctane. Cyclo¬ 
hexane, however, breaks the carbon-hydrogen linkage more readily, although 
with a nickel catalyst a carbon-carbon break also occurs. 

Unsaturated ring compounds, such as cyclopentadiene, exhibiting con¬ 
jugated double bonds, are analogous with the chain hydrocarbons containing 
the same type of unsaturation. Polymerization, the characteristic reaction 
of the diolefins, also takes place with the doubly unsaturated ring compounds. 

The so-called ^^oxidation-reduction^^ reaction, or simultaneous hydrogena¬ 
tion and dehydrogenation, occurs with the unsaturated six-membered ring 
hydrocarbons in the presence of palladium or platinum catalysts. 

The more complex naphthenes such as the hydrogenated naphthalenes or 
anthracenes show dehydrogenation as the chief reaction. 

With an aluminum chloride catalyst the homologs of cyclohexane are 
found to give a peculiar reaction. Paraffinic side chains consisting of more 
than a single carbon atom produce methyl radicals, equal to the number of 
carbon atoms in the chain, which attach themselves to the nucleus. 
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THE SYSTEM: SODIUM METASILICATE—SODIUM FLUORIDE* 


BY HAROLD SIMMONS BOOTH AND BERNARD A. STARRS** 

In contrast with ordinary soda-lime glass vitreous enamel frits are made 
from a relatively large number of raw materials. The reactions which these 
raw materials undergo in the smelting process are little understood, and it 
was for the study of these reactions that the late Mr. H. D. Cushman, presi¬ 
dent of the Ferro Enamel Corporation, founded the Cushman fellowship. 
The first five years^ have been devoted to the study of the possible reactions 
that may take place based on the gases evolved during the given reaction. 

Of the various combinations studied in this preliminary work the system, 
sodium fluoride-sodium oxide-silica, showed the need of further study by the 
methods of thermal analysis. Little work has been done on this system with 
the exception of the component binary system, sodium oxide-silica. Data^ of 
this system reveals the existence of an orthosilicate, pyrosilicate, metasilicate, 
and disilicate as compounds with congruent melting points. While the data 
of the literature is in fair agreement, the interpretations are different. Kracek 
found the orthosilicate to be unstable at iii8® ± s® and 40.7% silica, and did 
not carry his experimental study beyond this point, i.e., into the high Na20 
region. 

On the other hand, D’Ans and Loftier found a pyrosilicate to adjoin the 
metasilicate and then the orthosilicate adjoined the pyrosilicate. The 
orlhosilicate existed in two forms and had a congruent melting point. The 
pyrosilicate was very similar to the orthosilicate in optical properties which 
may explain Kracek's probably mistaken identification of the orthosilicate. 

Considerable information on the ternary system should be gained by 
studies of the binary systems composed of one of the sodium silicates and 
sodium fluoride. It was decided first to make a thermal analysis study of the 
system sodium metasilicate-sodium fluoride. This is now of added interest be¬ 
cause it has recently been suggested® to use the metasilicate as a raw material 
for enamel frits. Also, these studies would definitely establish the nature of 
the phases in the mixtures at different temperatures and inference could be 
made as to the phase, or phases, causing opacity. 

* Presented by Bernard A. 8tarrs in partial fulfillment of the requirements for the 
degree of Master of Arts at Western Reserve University, 1931. 

Holder of the Cushman Fellowship for fundamental research in vitreous enamels, 

1930-1931- 

^ This introductory work has not yet been published. It is on file at Western Reserve 
University in the form of theses and reports, and will shortly be published. 

2 (a) F.C, Kracek: J.Phys. Chem., 34,1583 (1930). (b) J. D’Ansand J. Ldffler:Z. anorg. 
allgem. Chem., 191, 4 (1930). 

* M. E. Manson: J. Am. Ceramic Soc., 14, 490 (1931). 
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Experimental Procedure 

Chemicals: Pure silica was obtained by powdering large quartz crystals. 
The surfaces of the crystals were first cleaned by scraping off adhering material 
and then treating them with boiling aqua regia. These covered surfaces were 
often etched. The powdering was performed by heating the crystals in a 
platinum dish and then cooling rapidly with a stream of cold distilled water. 
The shattered pieces were at first large and those with etched surfaces were 
rejected. This process was repeated several times and the particles became 
smaller, and they were finally ground to a fine powder in a large agate mortar. 
8.5166 grams of this powder gave 0.03% residue on treatment with hydro¬ 
fluoric acid. 

The sodium oxide component was obtained by the use of sodium carbonate 
monohydrate. The percentage of water in this hydrate was in agreement 
with its formula percentage, and qualitative testings showed the absence of 
appreciable quantities of impurities. 

Sodium metasilicate and sodium disilicate were made by careful fusion of 
the correct amounts of silica and sodium carbonate monohydrate in a platinum 
dish. The disilicate solidified to a glass which was crystallized by heating at 
a temperature below dull red heat. 

Chemically pure sodium fluoride was recrystallized once from water, 
dried in an air bath, but still retained from o.6-o.8% water depending upon 
the time of drying. Careful conversion of this sodium fluoride to sodium 
sulfate gave 99.07% sodium fluoride, and since this particular sample had 
0.81% water, a total of 99.8% was accounted for. 

Apparatus: The furnace employed was built by T. C. Morris (previous 
Cushman Fellow) and was suggested by that of Orton and Krehbiel.** It is a 
vertical cylindrical resistance furnace with two heating coils. The inner coil 
consists of 41 ft. of No. 24 BS platinum-20% rhodium alloy wire; the outer 
coil, ^^the booster coil,'^ is made up of 20 ft. of No. 18 BS Chromel resistance 
wire. 110 volt AC was used on both coils, the current being controlled by two 
Cenco water-cooled rheostats. 

The potential measuring instruments were the standard set provided by 
Leeds and Northrup using the student type potentiometer with the wall type 
galvanometer. The galvanometer had the following characteristics: sensi¬ 
tivity, 97 megs.; period, 8.5 sec.; and resistance, 132 ohms. 

The thermocouple was made from standard platinum, and platinum —10% 
rhodium, wire 0.020 inches in diameter, provision being made for differential 
temperature measurements. The differential junction was about 2J4 inches 
above the charge junction and was surrounded by a “neutral body^^ of nickel. 

An elevator device was used for raising and lowering the thermocouple in 
the furnace, and a means provided for hanging the platinum melting point 
crucible rigidly below the thermocouple junction. The melting point crucible 
was a cylinder of platinum inside diameter and 2^ high with heavy walls. 

^ E. Orton, Jr. and J. F. Krehbiel: J. Am. Ceramic Soc., 10, 373 (1927). 



SODIUM METASILICATE AND SODIUM FLUORIDE 


3SSS 


The thermocouple was carefully calibrated using potassium dichromate®* 
398®, potassium chloride®* 770®, sodium chloride®* 800®, potassium sulfate®^ 
1076®, and sodium metasilicate^* 1089®. The bare thermocouple was im¬ 
mersed in the material in all cases. The rate of heating was usually less than 
5® per min. In this connection F. M. Jaeger® has found ‘'that the discon¬ 
tinuities in (the temperature-time curve of sodium molybdate) all lie at 
practically the same temperature although the rates of heating for the three 
curves are in the ratio 4*.2 :i. Temperature readings of the charge were taken 
every minute, the time between readings being one-half a minute whenever 
the charge was undergoing a phase change. A charge of 10.00 gms. was al¬ 
ways used. The components were accurately weighed out, carefully fused in 
platinum over a blast lamp (slight contamination being incurred), and then 
ground to a powder in an agate mortar. This powder was placed in the 
platinum melting point crucible, the thermocouple carefully inserted, and the 
mixture was then usually fused—the heating curve of a finely ground powder 
is apt to be somewhat erratic. At least two heating curves and one cooling 
curve of each charge was made. 


Table I 

The System: Na2Si03 — NaF 

Low Temp. Approach High Temp. Approach 


Pts. 

wt. % 
NaF 

Molar % 
NaF 

Monovariant 
Arrest Pt. 

Invariant 
Arrest Pt. 

Invariant 
Arrest Pt. 

Duration at 
Invariant Pt. (min.) 

I 

0.00 

0.00 

— 

io89®C. 

(a) 1015 

(b) 1057 


2 

4.96 

13.16 

1074 

915 

903 

<0.2 

3 

9-94 

24.28 

1049 

913 

904 

0.8 

4 

14.90 

33-71 

1002 

915 

910 

1.0 

5 

17.89 

38-77 

985 
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^ (a) I.C.T. Vol. I, p. 54 (1928). (b) “Chem. Rubber Handbook,*’ p. 257, 14th Ed.; 
I. C. T. 1, 54, gives 1069®. 

«F. M. Jaeger: ^‘The George Fisher Baker Non-Resident I.ectureship in Chemistry” 
at Cornell University (1930). 
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Results 

The data obtained for this system are given in Table I and plotted in Fig. i. 
This system is a simple V type, the eutectic temperature being at 913® =fc 2®, 
and the eutectic composition is 28.5 db i.o wt. per cent of sodium fluoride in 
the liquid. 

The melting point of sodium metasilicate has been determined by previous 
workers with sufficient precision for it to be used as a calibration point for a 
thermocouple. Jaeger^ gave the m.p. of sodium metasilicate to be 1088®; 
Morey and Bowen® as 1086.5®; Ginsberg and Nikogosian® as 1093®; and Kracek^®^ 
as 1089®. The authors' results were in agreement with the value 1089®. 

However, the published melting points of sodium fluoride vary much more 
widely. Ruff and Plato^® obtained the value 980®; W. Plato^^ 992-2®; Kurna- 
kow and Zemazuznyz^^ Puschin and Baskow^® 1040®; and Grube^^ 992°. 

The authors obtained the value of 995® =b 1® for sodium fluoride recrystallized 
twice from water and heated only in an electric furnace. It was found that 
sodium fluoride heated in a covered platinum crucible over a gas flame gained 
weight due to carbonate formation. In i8.i hrs. of heating there was a gain 
in weight of i.ii per cent, and on treating the solid with dilute acid gas evolu¬ 
tion occurred which proved to be carbon dioxide. Seemingly, the burner 
gases cause hydrolysis and carbonation. 

It may be noted in Fig. i that the points of the sodium metasilicate liquidus 
are only in fair agreement. This is partly due to the arrests not being very 
well-defined and partly to the large change in the equilibrium temperature 
for a small change in composition. The composition was obtained from the 
careful weighing out of the components, and are as given in columns 2 and 3 
of Table I. 

The arrest points determining the sodium fluoride liquidus were much 
better defined than those of the sodium metasilicate liquidus. 

The arrest points given in columns 3 and 4 of Table I were secured from 
at least two heating curves. The heating curves (temperature-time) were 
oblique, but the differential curves usually definitely located the temperature 
of change. W. P. White^^ has discussed the principal causes of oblique 
melting curves. 

Column 6 of the table gives the eutectic temperature for different mixtures 
of the components as determined from cooling curves. A slight supercooling 
is evident. C'olumn 7 of the table gives the time that the charges stayed at 
the eutectic temperature, and it may be noticed in Fig. i that a plot of these 
points is in agreement with the nature of the system as disclosed by the 
other results. 

^ F, M. Jaeger: Z. Kristall., 53 , 632 (1914). 

« Morey and Bowen: J. Phys. Chem., 28 , 11 (1924). 

® Ginsberg and Nikogosian: Chem. Zbl. I2, 3383 (1926). 

Ruff and Plato: Ber. 26 , 2363 (1903). 

” W. Plato: Z. physik. Chem., 58 , 350 (1907). 

^2 Kurnakow and Zemazuznyz: Z. anorg. Chem., 52 , 186 (1907). 

Puschin and Baskow: Z. anorg. Chem., 81 , 347 (1913). 

G. Grube: Z. Elektrochemie 33 , 481 (1927). 

IS W. P. White: Am. J. Sci., (4) 28 , 453 (1909). 
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An attempt was made to study the system: sodium disilicate-sodium 
fluoride by means of thermal analysis. However, the fused disilicate-sodium 
fluoride mixtures easily form glasses, and so, but one heating curve could be 
obtained without recrystallization. 

A melting point of 875° was obtained for the crystalline sodium disilicate 
and a distinct arrest was also obtained at 837°. The cause for the arrest at 
837® is unknown and cannot be interpreted from the nature of this region as 
given in Kracek^s^^ work. 

From the heating curves of a number of different compositions, this 
sodium disilicate-sodium fluoride system also appears to be a V type. The 
addition of sodium disilicate has slight effect on depressing the melting point 
of sodium fluoride until about 65% by weight of sodium disilicate has been 
added. Then the liquidus curve rapidly falls to the eutectic which is at 
798° ± 3*^ and 13.5 ± 5.0% by weight of sodium fluoride. 

The nature of this system, sodium disilicate-sodium fluoride cannot be 
satisfactorily determined by the use of heating curves alone, and resort must 
be made to other methods, preferably the quenching method. Since the 
heating curve data was not supplemented by other methods, the information 
given must be considered as tentative only. 

Summary 

The system, sodium metasilicate-sodium fluoride, is a one eutectic type, 
and the eutectic occurs at a composition 28.5 ±1.0 weight per cent of sodium 
fluoride in the liquid and at a temperature of 913® ± 2.o®C. 

Some tentative data for the system, sodium disilicate-sodium fluoride 
are also presented. 

Motley Chemical Lahoraiory, 

Western Reserve University^ 

Cleveland^ Ohio. 




PARTIAL PRESSURE ISOTHERMS. II 


BY SIANG CHIEH LEE* 

It has recently been shown by Professor Bancroft^ that the disturbing 
factors which will cause a deviation of partial pressure curves from straight 
lines as demanded by the laws of ideal solutions, may be polymerization or 
depolymerization, solvation, heat of dilution, or the tendency to separate 
into two layers. These factors may be present at the same time and one may 
dominate the other. It is only when they are entirely absent that we can get 
the limiting case of ideal solutions. 

The tendency to separate into two layers is emphasized because its 
importance as a disturbing factor has not been realized before. Dolezalek^ 
and his followers considered polymerization and solvation as the main causes 
for the deviation from Raoult^s law, while the van der Waals and van Laar 
school® attributed the deviations to the intermolecular forces between the 
components. Hildebrand,^ on the other hand, criticized both schools and 
boiled down the disturbing factors to two, internal pressure and polarity. 
Recently, Errera® discussed the nature of the molecular association from the 
point of view of Debye^s dipole theory and van der WaaPs force. He con¬ 
cluded that there are two kinds of associations: one is due to the dipole 
moments of the component molecules and the other due to the van de Waals 
force. The polarization measurements measures only the ^^dipole association,^^ 
while the vapor pressure experiments give a measure of the total association. 
For non-polar components, the van der Waals force is the only decisive factor. 
Tinker® said that the deviation of the vapor pressure from the straight line 
law is determined by the magnitude of the differences between the mole¬ 
cular heats of vaporization of the components in the mixture and the corre¬ 
sponding latent heats for the pure liquids. Butler’ considered that the partial 
heat of solution is a better measure of the deviation from the law of Raoult. 
Washburn® thought fit to have a name for the sum total of all disturbing 
factors in solutions and has invented the phrase ^^thermodynamic environ¬ 
ment’* for such purpose. 

In spite of much work done on the subject of solutions, an adequate 
theory of concentrated solutions is still lacking. The knowledge of the 

* Research Fellow of the China Foundation for the Promotion of Education and Culture. 

^ Bancroft: J. Phys. Chem., 35 , 3160 (1931). 

* Dolezalek: Z. physik. Chem., 64 , 727 (1908). 

«Van der Waals: Z. physik. Chem., 5 , 133 (1890); van Laar: 72 , 723 (1910); Kohn* 
Stamm: 36 , 41 (1901). 

^Hildebrand: J. Am. Chem. Soc., 38 ,1452 (1916); ‘‘Solubility*' (1924). 

»Errera: Z. physik. Chem., 138 , 332 (1928); 140 , 273 (1929). 

* Tinker: Phil. Mag. (6) 32 , 295 (1916). 

’ Butler: J. Am. Chem. Soc., 47 , 117 (1925). 

»Washburn: “Principles of Physical Chemistry,” 165 (1921). 
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phenomena of vapor pressure lowerings stands almost in the same way as 
it was first advanced by Raoult and van^t Hoff. The only discovery that 
is worth mentioning is perhaps the fact that the so-called Raoult's Law 
holds true for certain binary solutions in all concentrations. Dolezalek’s^ 
assumption that solutions composed of normal substances obey Raoult’s 
formula is not of much use in view of the facts that many normal substances, 
benzene and hexane, for example, do not obey the law, while methyl alcohol 
and ethyl alcohol, both associated, do. Evidently, the phenomenon is 
complex and the disturbing factors involved have to be recognized and 
analyzed before any general conclusions can be made. 

Theoretically, the problem of vapor pressures from solutions has been 
treated in two ways: the thermodynamic treatments with and without the 
concept of osmotic pressure, and the thermokinetic treatment of van der 
Waals. By a cyclic reversible process, van^t Hoff obtained his famous 
osmotic pressure equation, the second form, connecting the osmotic pressure 
with the vapor pressure, and giving an exact derivation of Raoult^s empirical 
equation. An imperfect understanding of van’t Hoff’s equation has resulted 
in much confusion and mis-applications. Fortunately, the cloud has been 
cleared away by the important work of Bancroft and Davis,® and there is 
no further excuse for not understanding it rightly. However, when applied 
to the vapor pressure lowering, assumptions have to be made, which are not 
justified in many cases. A detailed discussion is given in the papers of Ban¬ 
croft and Davis.®-'® 

By using purely thermodynamic functions, the same problem can be 
approached in different ways. The studies of Duhem" and of Margules'^ 
led them to the formulation of what now known as the Duhem-Margules’ 
equation. In this equation the partial pressures of the components are related 
to their respective concentrations in solution. As the equation is in a differ¬ 
ential form, it has to be integrated before it can be used directly. If it is to 
be integrated, some assumptions must be made in regard to the relations 
between the variables involved in it, namely, pi, p2, and x, where p is the 
partial pressure and x the mol fraction. This is as if we are defeating our 
own purposes, because what we are searching for is a relation between p and 
X so that we can calculate the former from the latter, thus, the lowering of 
the vapor pressure. Margules, from the parabolic nature of the partial 
pressure isotherms, made the assumption that p could be represented by a 
power series of x. This is simply a mathematical way of recording the exper- 
mental data and nothing else. Porter'® has recently suggested another method 
to integrate this equation, based upon the symmetrical form of the differ¬ 
ential equation, and claimed that the experimental data could be represented 
by the following form: « 

J. Phys. Chem. 32 , i (1928). 

J. Phys. Chem., 33 , 370 (1929). 

Am. de Tficole normale, sup. (3) 4 . 9 (1887); (3) 6,153 (1889); '‘Traite ^^mentairede 
M 4 canique chimique”, Trav. et M 4 m. aes Facult^s de Lille, nos. 12 and 13 (1894). 

Wien. Ber., 104 , 1243 (1895). 

Trans. Faraday Soc., 25 , 343 (1928). 
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where a is the ratio of the partial pressure to the pressure of the pure com¬ 
ponent; u the molfraction of one component and is a function of u, the 
terms of which can be chosen from the following, multiplied by the constant 
coefficients A, B,., 

log u, (i - u),‘-^ (i - u)'^ (i + 3 U), (i - u)^ (i + 4U + 10 u 2 ), 

(i - u)® ( 1 + su + 15 u- + 35 u^), etc. 

This treatment is essentially the same as that of Margules. 

Wagner^^ has more recently published a series of papers on the thermo¬ 
dynamics of mixtures of two or more components, after the trail blasted by 
Planck. Fisher^^ did his share in another series of publications. This author 
has given an equation^® for partial pressure isotherms, but I have not seen it. 
The former investigator treated the subject rather thoroughly and has 
studied different special cases. He classified the solutions, or mixtures, into 
two main types, purely physical and physico-chemical mixtures, each of 
which is again divided into two, ideal and non-ideal. This classification is 
based on the heat effects upon mixing; which is said to be the sum of two 
terms, Qp, the heat occurred due to the act of mixing, and Qc, that due to 
chemical reaction. In purely physical mixtures, Qc is zero. Different 
systems were then studied according to whether Q is a lineal function of the 
concentration (ideal), or not (non-ideal). He gave equations for partial 
pressure isotherms for different systems, but in* general, the following equa¬ 
tion may be written, in reminiscence of the so-called Raoult's equation, 


p = 


and ff = — Qp + T 




Ti dT 
T dT 


where Qp as defined above, and X is the mol-fraction of one component. 
Up to here, assumptions were made that need an expert in thermodynamics 
to approve or to disapprove. He emphasized at the outset, however, that 
the components should be normal substances in the usual sense. 

As the heat effect is written as a function of concentration, and the func¬ 
tion is unknown, it is natural to play upon assumptions. Here Wagner did 
as Margules had done and assumed that the function of concentration could 
be expanded into Taylor's series. The resulting equation, as expected, is 
just the same as that given by Margules as a solution to his differential 
equation. 

The treatment of van der Waals® is of course based on his kinetic theory. 
Along this line, the works of Kohnstamn® and van Laar^ may be mentioned. 


Z. physik. Chem., 94, 592 (1920)* 95, 15, 37 (1920); 96, 287 (1914); ^>7, 229, 330 
(1921); 98, 81, 151 (1921)- Reference is especially made to the first paper. 

i®Z. Physik, 43, 150 (1927);46,427 (1928);48, 706 (1928); 50,419 (1928); 53, 138 (1929); 
54, 715 (1929). The last paper is especially referred to. 

Z. tech. Physik, 5, 458 (1924). 
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Judging from the success of the kinetic study of gaseous mixtures, we do not 
expect at present any exact solution to the problem of liquid mixtures from 
this source. Not till a complete, or nearly complete, theory of liquids is 
developed, can we modestly hope of any success in extending it to mixtures. 

Van Laar,^’^ employing the concept of thermodynamic potential, has 
derived repeatedly his equation for partial vapor pressures. In the midst 
of his derivation, he used the equation of state of van der Waals. His equa¬ 
tion, though essentially of the same form as the others mentioned above, 
differs from them in that the constants in the equation can be calculated 
from the van der Waals^ constants, a and b, of the pure components, while 
in other equations the constants are arbitrary and must be determined 
experimentally. It has been complained that this equation is too complex, 
but this is no objection, for the problem is a complex one, unless there is a 
simple one just as good. The trouble is in the fact that van der Waals^ equa¬ 
tion is not exact, not to say that the constants in the equation of most sub¬ 
stances are not known. Even these constants are known, there still remains 
the question how to calculate the constants of the mixture from its compo¬ 
nents. Weisenberger^® had attempted to test the equation of van Laar and 
measured the vapor pressures of solutions with one volatile component so that 
the pressure of the other one can be neglected. He found that the calculated 
values did not agree with his experimental values. This made him rather 
skeptical about van Laar^s equation and led him to the conclusion that not 
only the attractive forces exist between molecules, but also repulsive forces. 
According to him, when the attractive forces are extremely large chemical 
combinations will occur, and, on the other extreme, when the repulsive 
forces highly predominate, the liquids will separate into layers. Between 
the extremes, the mixtures will behave according to how these two forces 
balance each other. Van Laar^® however, came forth and pointed out to 
Weissenberger that the latter^s calculations were all wrong, a, a factor in 
van Laar^s equation, was found a large negative number instead of a small 
positive one as calculated by Weissenberger. This indicates the difficulties 
involved in the applications of the equation in question, and also that there 
is no experimental proof that the intermolecular forces are purely attractive 
in nature and are the only factors affecting the behaviors of solutions. 

With the advance of the x-ray examination of materials, many new ideas 
have been formed. The investigations of liquids with x-rays, such as the 
works of G. W. Stewart, the inventor of the term ‘^cybotaxis,^^ seem to indi¬ 
cate that the liquid molecules have a definite though temporary arrangement 
as if forming a labile lattice form. We, therefore, expect that some fore¬ 
runners should apply this novel idea to Uquid mixtures, and this has been 
done by Herzfeld and Heitler.^® These authors assumed the validity of the 

physik. Chem., 72, 723 (1910); 83, 599 (1913); 137 421 (1928); Z. anorg. allgem. 
Chem., 171, 42 (1928). 

J. prakt. Chem., (2) 115,78 (1927); data given in Tables Ann. de Constantes, 7, p. 247-57 
(1930). 

Z. anorg. allgem. Chem., 171 ,42 (1928); Also Tables Ann. de Constantes, 7 , 247 (1930)- 

Z. Elektrochemie, 31, 536 (1925). 
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idea of liquid crystals and derived an equation for partial vapor pressures 
of the following form, 

p= pXe>^/^T(i-x). 

where X is the heat of the mixture. This equation was applied to acetone- 
carbon disulfide mixtures with fair success. Bredig^^ claimed that it was also 
applicable to his results on methyl alcohol-water mixtures. Van Laar was 
alert enough to notice the similarity of this one to his equation and pointed 
out that it was only a special case of the one suggested by him. 

From the study of surface energies Langmuir^ derived the following 
equations for partial pressures, 

Pa = Pa Xa e Pb = Pb Xb e 

where Sa and Sb are surface areas of components H and B ^ is a function 
of 7, the surface energy, independent of concentrations, A and B are surface 
fractions, and k is the Boltzman constant. This equation was studied exper¬ 
imentally by Smyth and Engel and was found not applicable to systems 
containing associated components. 

Washburn^, using his concept of ^‘thermodynamical environment^’ summar¬ 
ized the existing equations in what he called “the fundamental vapor pres¬ 
sure law”; which was stated mathematically by the equation, 

dp= +/(T. E.) dx. 

In words, “when the molecular fraction of any component of a solution is 
increased by a very small amount dx, the corresponding increase, dp, in its 
vapor pressure above the solution is equal to dx multiplied by a quantity 
which is a function of the thermodynamic environment which prevails in 
the interior of the solution.” In infinitely dilute and ideal solutions, this 
function of thermodynamic environment is supposed to be constant. For 
other solutions, this function varies with the “number, nature and relative 
proportions of the different constituents of the solution.” In regard to other 
empirical equations, he said, referring to the power series formulation of this 
unknown function, “This method of formulation is neither more nor less 
general than our equation and amounts to nothing more than a mathematical 
method of saying what has been said above in words.” 

Any new approach to this problem will be welcome, and we hope for 
more of them. But from the above brief review of the different treatments 
from different points of view by different authors, we can not help of con¬ 
cluding that the theoretical deductions must end where the experimental 
inductions should begin. From the equation of van’t Hoff to that of Herzfeld 
and Heitler, all sorts of assumptions were made either to simplify the equa¬ 
tion or to give it a mathematical solution. As soon as a doubtful assumption 

Z. physik. Chem., 130, i (1927). 

“Langmuir: Colloid Symposium Monograph, 2, p. 57 (1925). 

” Washburn: ‘'Principles of Physical Chemistry,” 163-4 (1921). 
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is made to an equation, the general validity of the equation will be inevitably 
lost. This situation can only be saved by experimental work and by subject¬ 
ing the equations to test. Van Laar’s equation, for example, still remains 
an equation without any supporting data, not even from its originator. Maybe 
we should not hope too much from “pure” theorists. 

Since the van’t Hoff-Raoult’s equation is closely connected with the 
osmotic pressure equation, which has been the foundation of our theory of 
solutions, and, besides, there has been collected under its head a large amount 
of facte, it seems to afford a much surer and better ground to start from than 
any other approaches. Of course, this doesn’t mean that the other roads are 
either forbidden or closed. Let the adventurer go any way he pleases. As 
whether the osmotic pressure should be the starting point or not, for a general 
theory of solution, opinions differ, and one is referred to the recent paper 
by Bancroft and Davis, and the following is quoted from Nemst;** 

“It is remarkable, and, I may say, inexplicable, how often we find the 
statement in modem literature that osmotic pressure is only of secondary 
importance for the theory of solutions. 

“It is of course admitted that the laws of lowering vapor pressure, freezing- 
point, etc., and in fact all questions of physical and chemical equilibrium, 
may be treated thermodynamically without the introduction of osmotic 
pressure. Whether the thermodynamic method is as clear and convincing 
as van’t Hoff’s treatment is another question; in this connection the strength 
of the generalization of Avogadro’s rule by the analogy between gaseous and 
osmotic pressure may well be pointed out. But when it comes to hydro¬ 
diffusion, an essentially dynamic phenomenon, the theory of osmotic pressure 
is indispensable; and as, when a doubt exists, we should always choose as 
our theoretical basis that conception which allows the most complete and 
extensive treatment, so every rational general theory of dilute solutions should, 
in my opinion, start from the conception of osmotic pressure.” 

Though Nemst was referring to dilute solutions only, there is no reason 
why the same should not be said of concentrated solutions, since it is simply 
a matter of concentration and a degree of complexity; and, besides, the term 
“dilute” is used only relatively. In fact, it is necessary to have the same 
basical conception in order to develop a unified theory of solutions. 

As pointed out before, no matter which way we take to approach the 
problem, experimental measurements are necessary if progress beyond merely 
assumption is desired. At this junction, it is best, I think, to quote from 
Professor Bancroft^ who made the following statement more than a quarter 
of a century ago: 

“Before we can hope to work out a satisfactory theory of concentrated 
solutions, we must have accurate measurements on concentrated solutions 
and at present we have practically none. We need experiments at constant 
temperature on the compositions of co-existent liquid and vapor phases for 


“ “Theoretical Chemistry,” 157 (1916). 
“ J. Phys. Chmn., 9 , 218 (1905). 
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binary systems with one volatile component and with two volatile compo¬ 
nents. These measurements are not easy to make and that is one reason 
why they have not been made. We have measured boiling points and freezing 
points, because they are easy to measure, but for a theory of concentrated 
solutions the value of such measurements is very small. This is because we 
are measuring the combined effect of the change of the pressure with concen¬ 
tration and with temperature, whereas we ought to study the two separately.'^ 

This statement still remains true and our measurements on concentrated 
solutions are not much more than none. The partial pressure experiments 
on binary systems are surprisingly few in view that there had been many 
theoretical discussions and controversies on this subject. The International 
Critical Tables recorded only a little more than a dozen of cases, most of 
which were furnished by Zawidski for non-aqueous solutions. It again shows 
the urgent need of experimental measurements. 

Professor Bancroft^ has shown that the abnormality of the partial pres¬ 
sure isotherms of the lower alcohols in water increases as the increasing of 
their molecular weights. The fact that butyl alcohol is only partially miscible 
with water indicates that the higher the alcohol in the series the greater the 
tendency to separate into two layers with water. As the polymerization and 
heat of dilution were shown not the main disturbing factors in these cases, 
the increasing abnormality of the partial pressure isotherms must be due to 
this increasing tendency to separate into two layers. 

On the other hand, the fact is known that water is immiscible with benzene 
and that methyl alcohol is a water-like substance and its chemical and physical 
properties lie midway between that of water and that of ethyl alcohol. There¬ 
fore it is expected that methyl alcohol will be more miscible with benzene than 
water, and ethyl alcohol will be much more so. This is very natural because 
the hydrocarbon character increases as we go up the series. It had not been 
shown before, however, that methyl alcohol is only weakly miscible with 
benzene until it was found that the mixture of the two can be easily separated 
into two layers with sodium iodide. It can also be separated with anhydrous 
calcium chloride, but in this case the separation is less complete and, besides, 
much heat is evolved and chemical combination probably takes place. The 
mixture of benzene and ethyl alcohol was not separated with either of them. 
This is partly due to the greater miscibility of ethyl alcohol in benzene and 
partly due to the smaller solubility of the salts in ethyl than in methyl alcohol. * 
If a substance could be found which is very soluble in ethyl alcohol, or in 
benzene, it might be possible to effect a separation, too. In fact, water may 
be used to separate the two. There is no doubt, however, that the higher the 
alcohol the greater the miscibility with benzene. 

It is seen from the above considerations that the behavior of the alcohols 
in water is just the reverse of that in benzene. It was therefore predicted 
that the vapor pressure isotherms will vary also in the reverse direction, and 
that the abnormality from the normal behavior will decrease as we ascend 

♦ Solubility of sodium iodide at room temperature in methyl alcohol is 77.7% and 43.1% 
in ethyl alcohol. 
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the alcohol series. Since only the measurement of the system benzene-ethyl 
alcohoP® is available it is proposed to determine the isotherms of both methyl 
alcohol and propyl alcohol with benzene in order to compare the deviations 
due to the tendency to separate into two layers, and also to compare with 
that of ethyl alcohol. The experimental results, as will be seen later, came 
out as predicted, and the idea that the tendency to separate into two layers is 
an important disturbing factor in such weakly miscible solutions, is further 
substantiated by other measurements, which will be also discussed. 

I. Experimental 

The experimental methods for measuring partial pressures of volatile 
liquid mixtures have been devised by different investigators. The chief feature 
of these methods is to determine some physical properties of the liquid and 
vapor phases so that their compositions may be calculated. A detailed dis¬ 
cussion was given by Young-^^ on the earlier methods and a critical review of 
some of the methods was given by Rosanoff.^'^ More recently, Domte^® gave 
a brief review including some of the new developments. It is therefore not 
necessary to give any further discussion here. 

The method used in this investigation is the distillation type used by 
Sameshima.'*^ The apparatus and its arrangement, however, is somewhat 
different from his. Two modifications are distinct and may be mentioned 
with emphasis. First, the superheating effect, which has been the main ob¬ 
jection to this type of dynamic determination of vapor pressures, is completely 
eliminated by the use of the Davis-Brandt®^ apparatus. This is a modification 
and improvement®*^ of CottrelPs boiling-point apparatus, and the pumping 
device is very effective in discharging the entrapped bubbles and in relieving 
the hydrostatic pressure. It is found that when a flame is concentrated at 
the bottom of the flask and the liquid brought to boiling, the thermometer 
registers a temperature which will not vary with the size of the flame. The 
superheating and the bumpimg is further reduced by the use of rugged glass 
tubes of about cm. long, which are very effective in preventing bumping 
even to rather low pressures. With this kind of boiling flask, the electrical 
device as used by Sameshima for stirring is unnecessary, and no thermostat 
is required. 

The second modification is the receiving cup for the condensed vapor. 
In Sameshima^s arrangement, the cup was placed midway between the con¬ 
denser and the boiling flask. The condensed vapor was collected as soon as 
the liquid boiled even before the establishment of true equilibrium between 
the liquid and its vapor. The result is that a long time is required to reflux the 

2®Lehfeldt: Phil. Mag., 46, 42 (1898). 

‘^Practional Distillation,^’ 72-88 (1903). 

J. Am. Chem. Soc., 31, 448 (1909). 

29 J. Phys. Chem., 33, 1309 (1929). 

99 J. Am. Chem. Soc., 40, 1482 (1918). 

A sketch is given in “Laboratory” vol. 3, No. 3, p. 42 (1930). 

*2 Bancroft and Davis: J. Phys. Chem., 33, 591 (1929). 
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liquids so that the condensed liquid will have a chance to flow back to the 
main body of the solution several times, and, eventually, an equilibrium may 
be established between the condensed and the main liquids. This is not only 
time-consuming, but also has the danger of not reaching a true equilibrium 
which is the first requirement for success in this kind of experiments. Same- 
shima was wise in allowing the boiling up to two hours. In the modification, 
the receiving cup is directly connected to the condenser and a device is made 
to let the condensed liquid flow into the main solution before the true equilib¬ 
rium is reached. When the temperature and pressure are well adjusted as 
wished, and equilibrium is assured by boiling the liquid steadily for a while, 
a stopcock is so turned that the receiving cup begins to collect the condensed 



liquid. In this way, there is ample time allowed to adjust the pressure care¬ 
fully so that the thermometer will register the temperature desired and re¬ 
mains constant, under which conditions the liquid boils and gradually comes 
into equilibrium with its emitted vapor above it. 

A diagrammatic sketch of the arrangement of the whole apparatus is 
shown in Fig. i. The whole system is air-tight and is connected to a vacuum 
pump. The pressure is read from a manometer, and two four-liter bottles are 
used to steady the pressure. The thermometer is graduated in 0.5 of a degree 
and is calibrated against one standardized by the Bureau of Standard. It is 
of German make with a ground joint which is sealed into the ground-glass 
stopper. The latter is in turn sealed on the Davis-Brandt pumping device, so 
that the whole thing is of one piece and is convenient to handle. The ther¬ 
mometer is of course removable. The condenser is as shown and either water 
or ice can be used as the cooling material. In the following experiments, 
cracked ice was used in order to assure a complete condensation of the on¬ 
coming vapor. The receiving ''cup’' is connected to the main flask with a 
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oapillaxy tube provided with a two-way stopcock, which can be open or closed 
depending whether the collecting of the condensed liquid is in operation or not. 
On the stopcock an outlet is furnished to draw out the sample for analysis. 
The whole system communicates with the outside air through a calcium 
chloride tube which helps to remove any moisture. 

To draw a sample from the main solution for analysis, a lo cc. pipette 
was used, and a small vessel, about lo cc. capacity, is found convenient to 
draw the condensed liquid from the receiving “cup.^' For the source of heat, 
a micro Bunsen burner may be used. A liquid bath is not suitable. 

Before going to the procedure taken, some sources of error inherent in 
this method of determining vapor pressures may be mentioned. It has been 
objected that the rate of distillation affects the vapor composition somewhat. 
If the objection is real, this source of error seems unavoidable in the distilla¬ 
tion method. It might not be a true objection, however. Those who observed 
the difference in the vapor compositions due to the rate of distilling may have 
overlooked the superheating effect. As pointed out before in this experiment 
the size of the flame does not affect the boiling temperature, and it does of 
course affect the rate of distillation. Thus, if the rate of distillation changes 
the compositions of the vapor, consequently that of the liquid, the tempera¬ 
ture should be changing with the size of the flame. Therefore, we may con¬ 
clude that if the objection is true, the effect must be very small so that the 
thermometer is not sensitive enough to tell the change. 

Another source of error is from the rather large bulk of vapor above the 
solution, which is not all condensed and removed from the liquid in equilib¬ 
rium. The ideal way is of course to cut off the whole bulk of vapor above the 
liquid and condense it for analysis. In practice, this cannot be done, and a 
part of the vapor is always condensed back to the main solution as soon as the 
flame is removed and the pressure increased. The condensation of the vapor 
in the upper part of the boiling flask before reaching the condenser increases 
the uncertainty of the equilibrium composition of the liquids. In the follow¬ 
ing experiments, the upper part of the flask was wrapped with asbestos cords 
to reduce the radiation and keep the temperature as near to the experimental 
temperature as possible. It is not known to what extent this source of error 
may be. Probably it is not large since the volume of the solution studied is 
comparatively large and a slight change in composition will not be appreciable. 
This is evidenced by the fact that during the distillation, when about 8 cc. of 
condensate was collected, the temperature remained practically constant, 
until the concentrated solutions of the less volatile component where the 
fractionation was relatively large. The uncondensed vapor above the solu¬ 
tion is certainly much smaller in amount and will not be able to change the 
liquid composition appreciably. There is no doubt, however, that this is an 
error inherent in this method and cannot be eliminated completely. 

A third source of error, and a serious one, is the fractionation upon dis¬ 
tilling. The methods employed by Lehfeldt and Zawidski, for example, are 
especially subjected to this source of error. To obviate this error, either the 
solution has to be very large, or the condensate reduced to a minimum. To 
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do both is better but not practical. In this respect, Sameshima's method is 
superior in that the condensed liquid is allowed to flow back to the main 
solution and an equilibrium is established gradually. Thus the fractionation 
appears only as troublesome and mischievous, but will not do much harm if 
conducted carefully. However, large fractionations still constitute a source of 
error because it will make the adjustment of the temperature and pressure 
much more diflftcult and the true equilibrium hard to obtain. In this study, 
the volatilities of the pairs of liquids are not so far apart as to make the frac¬ 
tionation a serious factor. In the end of the less volatile component, however, 
fractionation becomes quite appreciable, and manipulations are accordingly 
more troublesome. 

For a complete determination, the following procedure was used: A solu¬ 
tion with an approximately known composition of about 200 cc. was put into 
the boiling flask, and the heat was applied at the bottom. Then the pump was 
set in operation and began to evacuate the system. The evacuating was done 
slowly by regulating with the pinch-cock attached to the rubber tube in order 
to prevent too much evacuating so as to cause a sudden ebullition. As soon as 
the solution began to boil either above or below the temperature chosen for 
experiment, the pressure was regulated accordingly by increasing or decreas¬ 
ing the evacuation so as to bring the temperature to the desired point, 4o®(l 
in this study. Usually this was easily done, but sometimes it took patience to 
get the exact temperature. When the adjustment was successfully made, the 
solution was allowed to boil for a few minutes to allow it to come into equilib¬ 
rium with its vapor. Then the stop-cock connecting the receiving cup to the 
main flask was closed so that the condensed vapor was now collected. During 
all this time the temperature must be closely watched. If the temperature 
began to rise due to fractionation, it must be stopped by reducing slightly 
the pressure. The main thing is to keep the temperature constant by regulat¬ 
ing the pressure, even when fractionation takes place. In this way, though 
the collecting of the condensed vapor was going on all the while, the vapor was 
kept in equilibrium with the liquid at the constant temperature. It took 
about five minutes to fill the cup which was about 7-8 cc. in capacity. After 
the cup was filled, the temperature would not change very appreciably if the 
pressure was kept constant. Let the solution boil under these conditions for 
twenty or thirty minutes so as to insure the equilibrium between the two 
liquids. During that interval the newly condensed vapor was continually 
intermingling with that already collected in the cup and causing some to 
overflow into the main solution. At the end, the collected vapor would truly 
represent the vapor composition under the experimenting conditions. The 
temperature and pressure were then read and recorded. 

If during the above experiment any change of temperature occurred 
owing to an ill adjustment of pressure, especially when the collecting of the 
condensed vapor was taking place, the experiment should be stopped and 
started over again. The maximum variation in temperature in this study was 
around ±.2 of a degree. 
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When the collection of the condensed vapor was successfully carried out, 
the experiment was discontinued and air was drawn in through the calcium 
chloride tube. Both the main solution and the collected liquid were then 
ready for analysis. Samples were taken as indicated before, and the analysis 
was done by specific gravity measurements. For each pair of liquids a density 
composition curve was prepared beforehand, and when the density was 
measured, the composition could be read off at once. From the vapor com¬ 
position thus obtained the partial pressure was calculated. 

The first pair of liquids thus studied was benzene and methyl alcohol. 
Benzene was thiophene-free and redistilled before use, B.P. = 8o®C at 754 
mm. Hg., d'," = 0.8746, and p = 183.5 mm at 40® C. Methyl alcohol was the 
best grade from Eastman Kodak Company and acetone free. It was redis- 


Table I 

Benzene and Methyl Alcohol at 40® C. 


Composition 

Total Pressure 

Partial Pressures 

(moU;o 

alcohol) 

(In mm. mercury) 

(mm. mercury) 

Liquid 

Vapor 


Benzene 

Alcohol 

14.1 

50-7 

349 0 

172. 

176.9 

22.7 

52.4 

356.6 

170-5 

186.1 

304 

S 3 -I 

362.5 

170.0 

192.5 

40.2 

54 0 

364.2 

167.5 

196.7 

46.8 

54-3 

365.6 

167.1 

198.5 

55-2 

54-8 

366.0 

165.4 

200.6 

643 

56.6 

366.2 

158.9 

207.3 

70.2 

58.0 

362.5 

152.2 

210.3 

75-0 

57-8 

357 5 

150.9 

206.6 

83-4 

64. I 

345-2 

123.9 

221.3 

87.8 

67.0 

334.0 

109.6 

224.4 

89.6 

72.3 

325.2 

90.1 

235-1 

91.5 

75-3 

322.5 

80.6 

24T.9 

100.0 

100.0 

263.5 

0.0 

263.5 


tilled over lime before use, B. P. = 63.8® C. at 736.2 mm. Hg. df = 0.7883, 
p = 263.5 at 4o®C. As the alcohol is highly hygroscopic, it was not absolutely 
dry when used. Care was taken not to expose it to air any longer than 
necessary during manipulations. The results are given in Table I, also shown 
graphically in Figs. 2 and 4. 

Mixtures of benzene and propyl alcohol were then studied. Propyl alcdhol 
was from Kalbaum and was dehydrated over lime. As well known, this 
alcohol is especially hygroscopic and very hard to get dry. Upon distilling, 
the walls of the receiving cup became somewhat cloudy. This was certainly 
due to moisture. A further dehydrating didn^t do much good. Its d = 0.8003 
at 24® C. and p = 50.2 at 40® C. The results are given in Table II, also 
graphically shown in Figs. 3 and 4. 
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Table II 


Benzene and n-Propyl Alcohol at 40® C. 


Con^sition 
(niol% flicohol) 

Total Pressure 
(mm. mercury) 

Partial Preasuree 
(mm. mercury) 

Liquid 

Vapor 

Benzene 

Alotmol 

3*9 

8.4 

191.7 

175-6 

16.1 

18.0 

14.6 

196.0 

167.4 

38.6 

30.0 

16.3 

193.0 

161.6 

31.4 

49.2 

M 

00 

183 5 

149.2 

34-3 

58.4 

20.5 

175-0 

139.1 

35-9 

64.0 

21.S 

168.4 

132.2 

36.2 

70.9 

24.0 

156.0 

118.6 

37-4 

79.1 

29.4 

134.2 

95-0 

39-6 

87.0 

32.3 

II4.O 

77 

37 

90.1 

41.6 

102.0 

59-6 

42.4 

100.0 

100.0 

50.2 

0.0 

50.2 



Fio. 2 

Benzene-Methyl Alcohol at 40° 

II. Discussions 

From the Tables I and II, and Figs. 2 and 3, we see that the vapor pres¬ 
sures of these mixtures give strongly positive deviations from normal straight 
line curves. In Fig. 4, the fractional vapor pressures p/po are plotted against 
the mol fractions for both pairs. It is clear from these curves that the benzene- 
propyl alcohol mixtures are more normal than those of benzene and methyl 
alcohol. The curves of benzene and ethyl alcohol, from the values of Lehfeldt, 
lie apportionately between the two as expected. In comparison with the 
curves for water-alcohol solutions as shown in Professor Bancroft’s paper, 
the orderof normality is just reversed. 



/=>/?£S5a/^£ 
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The empirical equation for partial pressures found by Bancroft and Davis^® 
has been applied to a great number of systems by the authors, Morton,** and 
Domte.2® For the systems studied by them, the experimental data could be 
represented with unexpected accuracy for most cases. Being an empirical 
equation, the real significance of the two constants involved is yet uncertain, 
and, besides, it is not known whether all the disturbing factors are included 
or not. When this equation is applied to the present results, it is found that 
for the system benzene-propyl alcohol, the data can be fitted to equations of 
the ‘^exponential” form, very well for propyl alcohol but less so for benzene. 
The equations and the calculated values of partial pressures are given in 
Table IV, and the logarithmic graphs are shown in Fig. 7. No adequate 
equations could be found for the benzene-methyl alcohol system, to represent 
the whole range of concentrations. A glance at the logarithmic curves, Fig. 5, 
will show that it is not possible to make a straight line equation for either of 
them. It is seen, however, that equations could be constructed to represent a 
certain range of concentrations. This is done and the values are given in 
Table III. As in the other system the alcohol is better represented than 
benzene. 

Table III 

Benzene and Methyl Alcohol at 40® C. 
x = mol fraction alcohol; pa = partial pressure alcohol; pB = partial 
pressure benzene; P = vapor pressure of the pure components respectively. 
Partial pressure equation for alcohol: 

log (Pa - Pa)/Pa = 0.259 log (i-x)/x~o.5i3 


Partial pressure equation for benzene: 

log (Pb-Pb)/pb= 1.130 log x/(i~x)~ 1.083* 


X X 100 

0.0 

pa (obs.) 
0.0 

PA (calc.) 

Diff. 

PB (obs.) 

PB (calc.) 

183.5 

Diff. 

14.1 

176.9 

176.8 

— 0.1 

172.1 

172.2 

+0.1 

22.7 

186.1 

385-3 

-0.8 

170.5 

171*3 

+0.8 

304 

192 .5 

190.8 

“ 1*7 

170.0 

170.2 

— 0.2 

40.2 

196.7 

196.6 

— 0.1 

167.5 

169.0 

+ 1.5 

46.8 

198.5 

200.0 

+ 1*5 

167.1 

168.2 

+1.1 

55-2 

200.6 

204.1 

+ 3*5 

165.4 

166.2 

+0.8 

64-3 

207.3 

208.6 

+ 1.3 

158.9 

158.2 

-0.7 

70.2 

210.3 

211.4 

+ 1.1 

152.2 

151.0 

— 1.2 

834 

221.3 

219.2 

— 2.1 

123.9 

121.7 

— 2.2 

87.8 

224.4 

222.6 

-1.8 

109.6 

104.1 

“ 5*5 

89.6 

235*1 

224.1 

— Il.O 

90.1 

94.8 

+4.7 

91-5 

100.0 

241.9 

263 -5 

226.0 

“159 

80.6 

83*4 

0.0 

+ 2.8 


* This equation is only good for the upper part of the curve in Fig. 6. The first five 
values in column 6 in the above table were calculated from the equation. 

log (Pb-Pb)/pb = 0.221 logx/(i-x) — 1.029. 


*3 J. Phys. Chem., 33 , 384 (1929). 
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Table IV 

Benzene and n-Propyl Alcohol 4o®C. 

X = Mol fraction of alcohol; pa = Partial pressure of alcohol; ps = partial 
pressure of benzene. P = Pressure of pure components respectively. 
Isothermal equation of alcohol: 

log (Pa-Pa)/pa = 0.387 log (1 - x)/x - 0.344 
Isothermal equation of benzene: 



log (Pb 

— Pb)/Pb 

== 0.928 log 

ic/(i - x) 

- 0.587 


X X 100 

PA (obB.) 

PA (calc.) 

Diff. 

PB (obs.) 

PB (calc.) 

Diff. 

3-9 

16.1 

19-5 

+3.4 

175.6 

181.1 

+ 5.5 

18.0 

27.7 

28.6 

- 0.9 

167.2 

172.5 

+ 5.1 

300 

31-4 

30.8 

— 0.6 

161.6 

164.1 

+ 2.5 

49.2 

34-3 

34-4 

+0.1 

149.2 

146.5 

-r2.7 

58.4 

35-9 

3 S -9 

0.0 

139.1 

. 135-4 

-3.7 

64.0 

36.2 

36.8 

+0.6 

132.2 

127.2 

-5.0 

70.9 

37-4 

38.0 

+0.6 

118.6 

115-3 

+ 3-3 

79.1 

39-6 

39 5 

— 0.1 

95.0 

96.9 

+1.9 

90.1 

42.4 

42.1 

- 0.3 

59.6 

60.5 

+0.9 




Table V 





Benzene and Ethyl Alcohol at so®C. (Lehfeldt) 


X = 

Mol fraction 

alcohol; 

Pa = Partial 

pressure 

alcohol; pb 

= Partial 

pressure 

benzene; P = 

= Vapor pressure of pure components respectively. 

Partial pressure equation for alcohol: 





log (Pa 

- Pa)/Pa 

= 0.633 log ( 

I - x)/x 

- 0.598. 


Partial pressure equation for benzene: 





log (Pb 

- Pb)/Pb 

= 1.066 log > 

:/(i - x) 

- -729- 


X X icx) 

PA (obs.) 

PA (calc.) 

Diff. 

Pb (obs.) 

PB (calc.) 

Diff. 

0.0 

0.0 

— 

— 

270.9 

— 

— 

8.8 

98.5 

102.1 

+6.6 

251-9 

268.2 

+ 16.3 

12.1 

II8.8 

116.9 

-1.9 

250.2 

264.9 

+ 14.7 

21.S 

141.6 

139.6 

— 2.0 

255-3 

258.7 

+ 3.5 

35-5 

158.7 

160.4 

+ 1.7 

247.2 

246.6 

— 0.6 

44.4 

168.6 

170.0 

+ 1-4 

235-8 

236.1 

+ 0.3 

56.1 

179.3 

180.5 

+ 1.2 

218.3 

218.3 

0.0 

69.7 

194.1 

191.1 

-3.0 

184.3 

186.3 

+ 2.0 

88.6 

210.4 

205.4 

-5.0 

104.6 

lOI .9 

- 2.7 

100.0 

219.5 

— 

— 

0.0 

— 

— 
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Simply for the sake of comparison, the equation is applied to the system 
ethyl alcohol and benzene. The results are given in Table V and Rg. 6. It 
again shows that this pair is intermediate between the other two. 

This gradually increasing normal behavior of the alcohols may be explained 
by the assumption that the degree of association decreases wiih the hi|d^ 
alcohols. It has become almost a habit to the investigators to attribute any 
deviations from ideal behaviors, not only for the property of vapor piesmires, 
but for many other properties of solutions and others as well, to assooiatioiis. 
In the pure state, methyl alcohol is more associated than ethyl alodMl, and 
ethyl alcohol more than propyl alcohol. But in solutions the phenommia be¬ 
come more complicated, and there are no absolute methods of measuring the 
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Fig. 5 

Methyl Alcohol and Benzene 

extent of association in any case. If no other factors of influence present, the 
deviations of partial pressures from Raoult^s law may serve as a method for 
calculating the degree of associations in solutions. Professor Bancroft has 
done this for the system benzene-ethyl alcohol. For the two systems studied 
here, the results from the calculations are given in Table VI. Professor 
Bancroft has shown why these values of associations are not absolute but only 
apparent. When comparison is made between these systems it should be 
remembered that the system benzene-ethyl alcohol was measured at 5o®C. ' 

The apparent degree of associations of the alcohols in benzene can also 
be calculated from the freezing point depressions, again, of course, neglecting 
other disturbing factors. The freezing point lowerings of methyl alcohol in 
benzene had been measured by Auwers®^ up to is«i mol%; those of ethyl 
alcohol by Beckmann®^ to 35.5 mol%; and propyl alcohol by Paterno®® to 20 
mol%. More recently, Perrakis®^ measured the freezing points of the first two 

^ J. Phys. Chem., 12, 689 (1892). 

" Z. physik. Chem. 2, 715 (1888). 

^ Gazz., 24 n, 179 (1894). 

” J. Chim. phys., 22, 290 (1925)- 
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mixtiiret oovering all concentrations. He also measured the system of iso- 
IHOpyl alcohol with benzene. The earlier workers aimed at the determina¬ 
tion of the molecular weights, which were therefore given by them. Dividing 
tlwee apparent molecular weights by the true values respectively, we obtain 
the apparent degree of association, which are given in Table VILj Comparing 
with the values calculated from the vapor pressure lowerings for correspond¬ 
ing concentrations, we see that the alcohols are more associated in the freezing 
point determinations. This is in agreement with the rule that fljw n<»int.ion 
will increase if the temperature is lowered. If Perrakis’ results are used to 
calculate the apparent degree of association, it will certainly bring out the 
same fact. 
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In Fig. 8 the percent deviations of the apparent molecular weights from 
true molecular weights are plotted against the concentration. These curves 
are reproduced from Auwers^ paper. It is clearly shown that the lower al¬ 
cohols are more abnormal in benzene solutions than the higher alcohols, as 
already shown by their partial pressure isotherms. 

Table VI 

A. Benzene and Methyl Alcohol at 4o®C. 


X = mol fraction alcohol; 

I — X 

= mol fraction 

benzene; 

Pa = partial 

pressure alcohol; Pb = partial pressure benzene; A = 

apparent coefficient of 

pol3rmerization of alcohol; B 

= apparent coefficient 

of polymerization <rf 

benzene. 

X 

I>n 

A 

I-X 

Pa 

B 

0.0 

183. S 

— 

1.0 

0 

— 

o. 141 

172.1 

2.5 

0.859 

176.9 

12.4 

0.227 

T 70 • S 

3.8 

0.773 

186.1 

8.2 

0.304 

170 0 

5-5 

0.676 

192.5 

6.2 

0.402 

167.5 

7.1 

0.598 

196.7 

4-4 

0.468 

167.1 

8.9 

0.532 

198.5 

3-5 

0-552 

165.4 

11.1 

0.448 

200.6 

2.6 

0.643 

158.9 

II .6 

0.357 

207.3 

2 1 

0.702 

152.2 

13.7 

0.298 

210.3 

1.7 

0.834 

123.9 

10.4 

0.188 

221.3 

1.0 

0.878 

109,6 

10.6 

0.122 

224.4 

0.8 

0.898 

90. I 

8.3 

0.104 

235.1 

1.0 

0.915 

80.6 

8.4 

0 

0 

00 

Cn 

241.9 

1.0 

j .0 

0 

— 

0 

263 5 

— 

X 

B. Benzene and n-Propyl Alcohol at 
Pb a i-x 

4o“C. 

Pa 

B 

0.0 

183.5 

— 

I .0 

0 

— 

0.039 

175.6 

1.0 

0.961 

15.7 

11. 

0.180 

167 4 

2.2 

0.820 

28.6 

6.0 

0.300 

161.6 

3.1 

0.700 

31.4 

3.9 

0.492 

149 2 

4.1 

0.508 

34.3 

2.2 

0 

Cn 

00 

139.1 

4.4 

0.416 

35.9 

1.9 

0.640 

132.2 

4.5 

0.360 

36.2 

1.5 

0.709 

118.6 

4.4 

0.291 

37.4 

1.2 

0.791 

95-0 

4.1 

0.209 

39.6 

1.0 

0.901 

59.6 

4.4 

0.099 

42.4 

0.6 

I .0 

0. 

— 

0 

50.2 

— 
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TJie fact that the apparent degrees of association calculated from the 
freezing point experiments are higher than that calculated from Raoult’s 
equation, may be explained in another way. It is known that when alcohols 
are mixed with benzene large amounts of heat are absorbed. For partially 
miscible liquids, the miscibility of such solutions will increase with rising 
temperature, as a consequence of the Law of Le Chatelier. On the other 
hand the tendency to separate into layers will increase if the temperature is 
lowered. As shown before, methyl alcohol can be separated from benzene by 
some salts, and other alcohols by water, 
or possibly by certain salts too. 

Theoretically, such weakly miscible 
mixtures may be separated into layers 
by sufficient cooling, if they remain fluid 
at very low temperatures, that is, may 
reach a hypothetical critical solution 
temperature. At any rate, the tendency 
to separate into two layers will be in¬ 
creased at low temperatures. As in¬ 
dicated by Professor Bancroft that 
this tendency tends to increase partial 
pressures, the presence of this disturb¬ 
ing factor may well be the cause of the 
apparent associations in the freezing 
point measurements. Since this tend¬ 
ency is greater at lower temperature, 
the apparent degree of association 
should be greater too. In this case the 
tendency to separate into layers will 
of course tend to decrease the lowering 
of the freezing points. 

The vapor pressure isotherms of partially miscible mixtures had been 
studied by several workers, especially Roozeboom. The general course of 
these isotherms is such that when two layers are present, that part of the 
isotherm is flat and independent of the concentration. The vapor pressure 
isotherm of benzene-methyl alcohol. Fig. 2, also shows a flat part, from 30 to 
70 mol% of alcohol, and at this interval the concentration effect is very slight. 
In isotherms of mixtures just above their critical solution temperatures, like 
methyl alcohol and hexane, the flatness is more pronounced. On the other 
hand, in the isotherms of ethyl and propyl alcohols with benzene, the flat 
part becomes less and less. Correlating these facts, one may conclude that in 
such mixtures, the deciding factor to determine the course of the vapor pressure 
isotherms is the degree of miscibility between the constituting components. 

The flatness of the vapor isotherms due to the tendency to separate into 
layers is also shown in other property-concentration curves. Perrakis had 
studied many other physical properties of binary solutions, such as specific 
heats, heat of mixing, freezing-points, volumetric changes, etc., and came to 
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the conclusion that at the vicinity of the critical state, by which he meant a 
state at which a slight change of conditions would cause a separation of the 
mixture, there is alwasrs a flat portion in the plotted curves. While the valid¬ 
ity of this general statement is still uncertain, it certainly holds true to the 
vapor pressure isotherms. The volumetric measurements of his for example 
have been questioned by recent authors.** The changes in volume upon mixing 
for methyl alcohol and benzene, according to Schmidt,** are negative, in¬ 
creasing with the concentration of benzene; Perrakis' results give negative 

Table VII 

Freezing-Point Lowerings of Alcohol in Benzene 

X = Mol fraction alcohol; d = Depressions; M' = Apparent molecular 
weights of alcohol; A = Apparent coefficient of polymerization of alcohol; 
% = % deviation from true molecular weight. 

A. Methyl Alcohol 


X 

d 

M' 

A 

% 

0.008 

0.360 

43 

1-3 

34.4 

0.016 

0.612 

53 

1.65 

65.6 

0.042 

1.265 

70 

2.2 

118.7 

0.065 

1.610 

87 

2.7 

171.9 

0.097 

1.978 

no 

3-5 

243-8 

0.I5I 

2.475 

144 

4.5 

350.0 

0.250 

3.000 

233 

7.3 

628.1* 

0.369 

330 

371 

B. Ethyl Alcohol 

II .6 

1059* 

0.003 

0.175 

45-9 

1.0 

0 

0.013 

0.480 

50.4 

I. I 

9.6 

0.018 

0-875 

60.9 

1-3 

32.4 

0.038 

1.360 

82.5 

1.8 

79-3 

0.057 

1-705 

100 

2.2 

II 7-3 

0.089 

2.22 

128 

2.8 

178.2 

0.123 

2.725 

159 

3-5 

245.6 

0.199 

3-445 

208 

4.5 

352 

0.293 

4.180 

265 

5.8 

476 

0.355 

5.000 

318 

C. n-Propyl Alcohol 

6.9 

591 

0.007 

0.269 

61 

1.0 

0 

0.035 

1.007 

82 

1.4 

36.5 

0.080 

1.711 

117 

1.9 

95-0 

0.137 

2.376 

154 

2.6 

156.7 

0.198 

3.029 

189 

3-2 

220.0 


• These values were calculated from Perrakis’ data. 


” Washburn and Lightbody: J. Phys. Chem., 24 , 2701 (1930). 
*' Z. physik. Chem., 121, 221 (1926). 
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changes too, but first increase, then decrease to zero, and finally increase 
again, always negatively. The recent results of Washburn and Lightbody 
show a positive change at first, but with increasing concentration of the 
alcohol, the changes become negative. None of these results, when plotted 
show any distinctly flat portion in the curve. Perrakis’ results of the system 
diphenyl ether-ethyl alcohol, however, do give a flat part in the plotted curve. 
This may be due to its greater tendency to separate into layers than the 
system benzene methyl alcohol. 

Some attempts had been made to correlate the volume and heat changes 
with the deviations of vapor pressure isotherms from straight lines. There 
seems no direct relationships between the volume changes and the deviations. 
In the system benzene-methyl alcohol, for example, the volume changes, 
according to Washbiun and L%htbody, change signs with the concentration, 
but the deviations of the isotherm remain positive through out the whole 
range of concentrations. A positive change, that is, evolution of heat, is 
found to accompany a negative deviation, while a negative heat change gives 
a positive deviation. This is true with the benzene-alcohol systems. 

The heat changes of methyl alcohol and benzene mixtures had been 
studied by Schmidt® at 15 C., and by Washburn and Lightbody, at 2s®C. 
The values given by them are only approximate because the specific heats of 
the mixtures were not measured. They were calculated from temperature 
changes. The mixtures of ethyl alcohol and benzene were measured by 
Perrakis, also by Washburn and Lightbody. The former measured also the 
specific heats at the same temperature, 2o°C., and his values are therefore 
more exact. The system benzene-propyl alcohol was studied by Schmidt at 
i5°C. All these results, though measured at different temperatures, point to 
the same conclusion that with benzene, propyl alcohol absorbs more heat than 
ethyl alcohol and the latter more than methyl alcohol. This is surprising if 
we wish to compare the magnitude of the heat changes with that of the devia¬ 
tions of the vapor pressure isotherms from the normal curve. As one of the 
requirements for the formation of ideal solutions is that the heat change 
should be zero, we naturally expect that the larger the heat change, the 
greater should be the deviation. But as shown in Fig. 4, the deviations 
become smaller as we pass through benzene-methyl alcohol to benzene- 
propyl alcohol, though the latter experiences a greater change of heat. This 
indicates that the heat effect is not the main disturbing factor in these cases. 

The idea that the tendency to separate into two layers is an important 
disturbing factor is further strengthened by another set of experiments re¬ 
ported by Smyth and Engel.® These authors measured the partial pressure 
isotherms of a dozen or so pairs of organic liquids, some of these having an 
alcohol as a component. In Fig. 9 is the graphical result of the system 
heptane-ethyl alcohol at 3o°C. It is at once seen this pair of liquids gives the 
same type of vapor pressure isotherm as the sjrstem benzene-methyl alcohol. 
The flat portion of the curve is especially prominent and suggests a great 

® J. Am. Chem. Soc., 51 , 2646 (1929). 
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tendency to separate into two layers. From the lesson on the benzene- 
methyl alcohol system, one may anticipate that ethyl alcohol could be salted 
out from heptane by some salt. Indeed, the same salt, sodium iodide, that 
separated methyl alcohol from benzene was capable of separating these two 
also. This leaves us without doubt that the abnormal behaviors and the flat- 



Table VIII 

Heptane and Ethyl Alcohol at 3o°C. 

X = Mol fraction alcohol; p and P, Pressures of alcohol in solution and 
pure state respectively. 

Partial pressure equation for alcohol: 

log (P - p)/p = 0.388 log (i - x)/x -0.757. 


X 

p (obs.) 

p (calc.) 

Diff. 

0 

0 

— 


0.0400 

22.0 

50.6 

28.6 

0.0684 

47.2 

54.9 

7.7 

0.1236 

56.1 

56.9 

0.8 

0.2803 

62.9 

62.5 

0.4 

0.3342 

63.5 

63.6 

0.1 

0.5151 

65.9 

66.7 

0.8 

0.5934 

68.1 

67.9 

0.2 

0.7174 

69.7 

69.7 

0.0 

0.7687 

71.0 

70.5 

0.5 

0.8154 

735 

71.2 

2.3 

0.8550 

73-9 

71.9 

2.0 

0.8902 

79.2* 

72.6 

6.6’ 

0.9173 

87.9* 

73.4 

14.5 

0.9545 

87.0* 

74.2 

12.8 

0.9913 

77.8 

76. I 

1.7 

I.0000 

78.2 

— 



• These values are doubtful as they are higher than that of the pure state. 
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ness of the vapor pressure isotherms of these two systems are due to the same 
cause, namely, the tendency to separate into two layers. 

On the other hand, the vapor pressure isotherms of mixtures of n-butyl 
alcohol and heptane, as measured by the same authors, appear to be analogous 
to that of the system benzene-propyl alcohol. They could not be separated 
into two layers by sodium iodide, and their isotherms do not have portions 
distinctly flat. This is due to the greater miscibility of butyl alcohol with 
heptane. It is thus expected that methyl alcohol should be less miscible than 
ethyl alcohol, and, in fact, it is only partially miscible, with heptane. Thus, 



the alcohols form a series, according io their miscibility, with heptane just as 
they do with benzene with the exception that it is methyl alcohol, instead of 
water, being the partially miscible component. Incidentally, it brings out 
the interesting fact that methyl alcohol is in some ways more similar to 
benzene than to heptane, in spite of the fact that they are both straight chain 
compounds. It is also to be remembered that ethyl alcohol can be separated 
from heptane but not from benzene by adding sodium iodide. 

For the sake of comparison the equation of Bancroft and Davis is applied 
to the system heptane-ethyl alcohol. As shown in Fig. 10 and Table VIII, 
the agreement is fairly satisfactory for the alcohol, but it is not possible to 
find an equation for heptane. As in the benzene-alcohol systems the more 
associated component alcohol is better represented by the experimental 
equation. 

Summary 

I. A review of the theories and mathematical equations proposed and 
derived by different authors from different points of views indicates that 
most of them are based on assumptions that have no sufficient experimental 
support. 
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2. Experimental studies on the compositions of coexistent liquid and 
vapor phases for binary systems with one volatile component and with two 
volatile components are needed if a complete and satisfactory theory of 
concentrated solutions is desired. This was pointed out by Professor Ban¬ 
croft more than twenty-five years ago. 

3. The binary systems benzene-methyl alcohol and benzene-propyl 
alcohol are studied. Their partial pressures at 40®C. were determined by 
a modified form of the apparatus used by Sameshema. 

4. The data thus obtained, and in conjunction with that of benzene- 
ethyl alcohol, proved successfully the idea that the tendency to separate 
into two layers is one of the disturbing factors in such cases. 

5. The freezing-point data point to the same conclusion. Also the heat 
of mixing. 

6. The flat portions on the vapor pressure-concentration curves are due 
to the weak miscibility between the components. The greater the tendency 
to separate into layers, the more prominent will be the flatness in such curves. 

7. The vapor pressure-concentration curves of the system heptane- 
butyl alcohol have flat portions just like that of benzene-methyl alcohol 
systems, and like the latter the separation into two layers can be easily 
effected by sodium iodide. 

8. The Bancroft-Davis equation was applied to the obtained data with 
only a partial success. This is probably due to the serious disturbances of 
the tendency to separate into two layers. 

This work was done under the direction of Professor Bancroft, and the 
writer wishes to take this opportunity to express his hearty appreciations and 
sincere gratitude. It is a great pleasure to work with him and to attend his 
lectures. The writer is also indebted to Dr. Davis for his suggestions and 
interests in this problem. 

Cornell University 



THE ADHESION OF GLUE 

BY MAYNARD F. WITHEBELL 

The object of this work was to determine the factors influencing the ad¬ 
hesion between glue and a high-grade alundum, and to bring about the best 
possible adhesion between the two. The alundum used was a product of 
the Norton Company, Worcester, Mass., and is an electrically fused grain, 
white or nearly so in color, and designated as “99” white alundum, for 
polishing. The size of the grit is 36-mesh. The glue was a 145 millipoise 
hide glue, “400 A,” with a moisture content of 14.23%, after 24 hours drying 
at ios®C. 

The method of measuring the adhesion between the glue and grit is that 
given by C. E. Lanyon^ who was determining the adhesive strength of glue, 
using a standard grit. In this case a single glue is used throughout and the 
grit is varied. The details of the method are as follows: 

^23.55 gr. of the glue are placed in a 150 cc. beaker and 76.5 cc. of distilled 
water are added. This is allowed to soak for 30 minutes, then it is placed in 
boiling water and warmed for 10 minutes. About three minutes before the 
^ue is ready to remove from the hot water, 400 grs. of the grit is weighed 
into a small pan. Then 8$ grs. of the 20% glue solution are poured onto 
the grit and rapidly and thoroughly mixed in with an 8 inch porcelain spatula. 
This glue and grit is then packed into the standard cement briquet moulds which 
have been slightly altered for this use. (The ordinary mould has a cross- 
section of one square inch and it was found that six or eight weeks drying 
was necessary to bring the briquet to equilibrium with the atmosphere. 
To shorten this time, a section 1/4 in. X 1 in. X i in. is affixed to the mould 
so as to put a hole of the given dimensions in the middle of the briquet. 
Thus the thickness at the breaking point of the briquet is 3/8 of an inch. 
The total area there is 3/4 sq. inch). These briquets are found to have 
reached a maximum strength after 11 or 12 days, or slightly longer depending 
on the weather. Unless otherwise stated, the briquets have dried 14 days, 
a period which insures their maximum strength having been attained. The 
dried briquets are then broken in a Riehl6 cement testing machine. Six 
briquets are made for each run, three briquets being made from each batch 
of grit and glue. The average breaking strength of the briquets is the so- 
called “briquet strength” which is taken as a measure of the adhesion between 
the grit and the glue. 

After testing a series, it is common to find one of them has tested 15% 
or more under the average. It is very difficult to make a perfect set of 
briquets, because of the rapidity at which it has to be done to prevent setting 
brfore the grit is packed into the moulds. This results in imperfect distri- 


* Ind. Eng. Ch«n., 19, 1191 (1927). 
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bution of the glue and an occasionally very poor briquet. In such a case, 
I beheve it is perfectly justifiable to omit that result, and this has been done 
throughout the work. That it is a fault of uneven distribution is plainly 
visible on close examination of the broken briquet, and the use of that value 
is merely leading to a false conclusion. It cannot be argued that weakness 
in that briquet would be made up for in strength of the others. Theoreti¬ 
cally there would be an added glue content to the others but it would be 
negligible, whereas one poor briquet would lower the average as much as 
30 in many cases. The majority of the briquets tested lie within 5% of the 
average, although there are some that do not. When one considers the 
variations in mixing the glue, packing the moulds, and the actual breaking 
test, this variation seems allowable. There is a chance for error, due to 
drying at different humidities, for the remaining moisture content will doubt¬ 
lessly affect the strength of the glue. Inasmuch as the glue is much stronger 
than the bond between glue and grit, the strength of the glue is not the 
determining factor. It does not appear likely that the bond would be more 
than very slightly affected by a slight difference in moisture content. The 
average drying taking place over a two weeks period is quite uniform and 
the change taking place the last few days is small. It is true that the glue 
changes quite rapidly with humidity conditions, but in a briquet this change 
would involve only the surface. For best possible results the drying should 
be done at a definite temperature and humidity, but for this work it was 
deemed sufficiently accurate to hang the briquets in a hood where there is 
continuous changing of air at room temperatures. It is not advisable to lay 
the briquets on anything to dry, for uneven drying is thus obtained and the 
briquets do not dry completely or without warping. 

It was early noticed that on adding the water to the glue, some of the glue 
took up the water rapidly and swelled up in the beaker but did not form a 
jelly or homogeneous mass. Again the glue took up the water slowly and 
finally formed a jelly in the beaker. This appeared to be caused by varying 
sizes of the glue flakes. As it is taken from the bag, it is alternately fine and 
coarse throughout the mass. It was feared that this non-uniformity would 
cause a difference in the tests so it was checked up as follows: 

A quantity of the glue was passed through a lo-mesh and a 35-rae8h 
sieve. Roughly 1/5 is retained by the coarse sieve, and about i/io passes 
the 35-mesh, the rest is retained by the 35-mesh. Six briquets were made 
from each grade, using a 36-mesh T J-treated Norton sharp-fracture alundum. 
These briquets tested as follows: 

Finest glue 864.7 briquet strength 

Medium grade 874.0 ” ” 

Coarse grade 859.0 ” ” 

These results show that in spite of the variations in size the glues had ad¬ 
sorbed the water completely by the time that they were mixed with the grit 
and briquets made from the different grades checked within ± 1%. The 
different grades showed the above-mentioned characteristics when swelling. 
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Another purpose of this work is to determine the relation if there be any 
between the ‘‘capillarity^’ of a grit, as determined by the Norton method, 
and the attraction between that grit and glue. The method mentioned is 
carried out thus: there is a rack which holds in an upright position a number 
of glass tubes, 25 cms. long with an internal diameter of 5-6 mms., the 
bottom of the tubes rests on a wire screen in a shallow well in which there 
is a I cm. high baffle, behind the tubes is a scale which is graduated from the 
top of the baffle up. Before use, the tubes are cleaned in cleaning solution 
and rinsed in distilled water and dried. The tubes are then set up in the 
rack and the grit whose capillarity is desired is poured in from the top without 
shaking in any way. Then water between 70® and 80® F. is poured into the 
well until it overflows the baffle; then start, a stop-watch. At the end of the 
specified time interval for each grit number, reading is made of the height 
of the water rise directly on the scale behind the tubes. This height in centi¬ 
meters, expressed as a percentage of the height the water would reach if 
the grain were of maximum capillarity, constitutes the capillarity of the 
grain. For the 36 grit, the time period is minutes, and the maximum 
capillarity is 10 cms. 

('apillarity attraction of abrasive grain is that property of attracting water 
so ihat the surfaces of the grain particles are thoroughly wetted. This is 
very essential to all kinds of abrasive grains that are to be used in conjunction 
with adhesives. Foreign matter on the grain surface that is repellant to water 
would result in very poor bonding between the grain particles and the adhe¬ 
sive; therefore the grains must be so prepared that the adhesive will not only 
spread easily on the surface of the grain particles but also adhere thoroughly 
after the bond has set. 

There is however a doubt as to the worth of this means of determining 
whether the glue will adhere to the grit or not. Its theory as far as it goes 
is right, but it goes only as far as water to grain. We have no proof that a 
grain which is readily wetted by water is also readily wetted by glue. Through¬ 
out this work close check will be kept between the two to decide whether 
capillarity is a direct measure of adhesiveness or not. 

A few preliminary tests were made with a sharp-fracture 36 TJ Norton 
alundum. The quenching treatments were carried out as follows: A muffle 
furnace was brought up to dull red heat and the grain was put into the 
furnace in large porcelain crucibles, each holding about 500 grs. of grain. 
At the end of the time interval, the crucibles were taken out and the glowing 
grains poured into a liter beaker containing the solution, as fast as was 
possible to prevent excess cooling. The grit was then throughly washed 
free from the solute and drained and dried by centrifugal action, then put 
into a drying oven at ioo®~iio®C. The boiling treatments were carried out 
in large evaporators, heated with a bunsen flame. Timing was started when 
the solution first boiled. Any boiled off water was replaced. Drying is the 
same as above. 
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The treatments were: 

1. Heat in muffle furnace to dull red heat i hour. Quench in 10% sodium 
silicate. Wash and dry. 

2. Heat I hour in muffle furnace at dull red heat. Quench in a 3-1 
mixture of 10% sodium silicate and sodium hydroxide. 

3. Heat I hour in muffle furnace at dull red heat. Quench in 10% sodium 
silicate. Wash. Boil 15 minutes in 10% sodium hydroxide. 

4. Boil 15 minutes in 10% sodium hydroxide. Wash. Boil 15 minutes 
in 10% sodium chromate. 

5. Heated i hour in muffle furnace. Quenched in 10% sodium hydroxide. 
Washed. Boiled 15 minutes in 10% sodium chromate. Washed. Dried. 
Heated to dull red in muffle furnace. 

6. Heated 3 hours in muffle furnace at dull red heat. Quenched in 10% 
sodium hydroxide. Washed. Boiled 15 minutes in 10% sodium chromate. 

7. Heated in muffle furnace i hour. Quenched in a 5% solution of glue. 

8. Grit untreated. 4 drops of glycerol added to the glue solution. 

9. Grit untreated. As soon as glue was mixed in, the pan was covered 
air tight and the whole was heated for five minutes in boiling water. Then 
the moulds were filled. 


10. 

Control. 

Table 1 




No. 

Ave. Briquet 

Ciipillarity 

No. 

Ave. Briquet 

Capillarity 


Strength 



Strength 

I. 

642 

54 % 

6. 

865 

S8% 

2. 

860 

63% 

7 - 

627 

25 % 

3 - 

823 

62% 

8. 

919 


4 - 

755 

42% 

9 - 

725 


5 * 

808 

60% 

10. 

723 

59 % 


These results are given in Table I and Fig. i. From this we see at a glance 
that the same capillarities do not mean the same adhesion between the grain 
and the glue. The silicate-treated grains do check among themselves, but not 
with the chromate-treated. The chromate-treated do not check with any. 

Inasmuch as the TJ is a treated grit, any additional treatment cannot be 
considered as a means of improving an untreated grain. It is thought that 
the T J is a silicate treatment but nothing beyond that can be even guessed at. 
It is apparent that an alkali-silicate treatment improves it, but so does the 
alkali-chromate treatment. 

Efforts to bring the glue itself into closer contact with the grain, without 
using other means to clean the grain or change its surface, have little or no 
effect in increasing the adhesion. 

After the preliminary tests on the TJ alundum, similar treatments were 
tried on the untreated '‘99’' alundum. Due to the different fracture of this 
grit, the packing is different and 85 grams of glue solution with 400 grams of 
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the grit, gives us a nearly fluid mass. Since the object is not to fill in the air 
spaces, but merely to coat the grain surfaces with glue, the amount of 20% glue 
solution was cut down to 80 grams. The results of the first series are given in 
Table II. The details will be found in Table V. 


Table II 


No. 

Capillarity Briquet Strength 

No. 

Capillarity Briquet Strength 

lA 

53 % 

859.5 

5 A. 

50% 

806.0 

2A 

36% 

620.0 

6A. 

40% 

544.0 

3A 

27% 

504 -3 

7 A. 

56% 

797-5 

4A 

29% 

4175 






TAfe/7TMef^r A/a 


Fig. I 

Briquet Strength-Capillarity 

One conclusion can immediately be drawn from these results: chromate 
treatments do not compare with silicate treatments. Nos. 2A, 3A, 4A, and 
5A are all chromate treatments, the others are hydroxide-silicate treatments. 

The next series was that in which calcium hydroxide and calcium sulphate 
were used. Boiling as well as quenching was tried and will be more in the 
future to determine whether the same results can be obtained at a lower 
temperature. 8A, 8B, 9A, and 9B are the numbers of these treatments, de¬ 
tails also being in Table V. The results are given in Table III. 


Table III 


No. 

Capillarity 

Briquet Strength 

8A 

Not det’d. 

666.6 

8B 

ff ft 

453 0 

9A 

ft ft 

659.0 

9B 

ft ft 

566.0 


These treatments are but a trifle better than the preceding chromate 
treatments. 

It is apparent that the strong alkali and silicate treatments give the grain 
the surface which is best held by glue. It is then desirable that we know 
whether the results vary with different sodium hydroxide/sodium silicate 
ratios. And so a series of treatments by quenching, with varying silicate- 
hydroxide ratios, was made. The tabulated and graphical results are on follow- 
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ing pages. To complete the data, quenching was also done in the io% solu¬ 
tions of each constituent alone. 

The best adhesion is obtained with the grit which was quenched in sodium 
silicate alone. That quenched in 5-1 mixture of sodium silicate and sodium 
hydroxide runs a close second. The grit treated with sodium hydroxide alone 
is very poor, the test increasing in general as the percent of sodium silicate is 
increased. 

Treatments iiA and 12A are the same except that the former was heated 
12 hours in the muffle furnace, the latter but one hour. Results are: 


No. 

Capillarity 

Briquet Strength 

Hours Treated 

iiA 

61% ‘ 

840 

12 

12A 

48% 

721 

I 


The difference here may be due to the long heating and it may be that a 
higher temperature was reached and the grit was hotter when quenched. It 
is either way a matter of more heat giving higher adhesive properties. 

22A treatment is quenching in a mixture of sodium hydroxide and tannic 
acid. The capillarity is but 15% and the briquet strength 533. 

If there is a chemical reaction between the alundum and the alkali, we 
should get better results using a more concentrated solution. The following 
results bear out this theory: 


No. 

Capillarity 

Briquet Strength 

20 A 

6S% 

952 

27B 

60% 

940 


The question arises, ^‘Will long boiling give the same results as quench¬ 
ing?'’ The answer is in Table IV. 


No. 

Table IV 
Capillarity 

Briquet Strength 

30A. 

44 /^ 

929 5 

31 A. 

58% 

1038.3 

.3 2 A. 

49% 

942.0 

.32B. 

50% 

857.0 

The last series of tests include more boiling treatments which show up as well 

as, and better than, quenching. 

Table V. 





THE ADHESION OF GLUE 


3589 


Table V 

Treatments with 99 Alundum 

I A. Heated in muffle furnace one hour. Quenched in a 3-1 mixture of 
10% sodium silicate and sodium hydroxide. 

2A. Heated one hour in muffle furnace. Quenched in 10% sodium hydrox¬ 
ide. Washed. Boiled 15 minutes in 10% sodium chromate. 

3A. Heated three hours in muffle furnace. Quenched in 10% sodium hy¬ 
droxide. Washed. Boiled 15 minutes in 10% sodium chromate. 

4A. Heated three hours in muffle furnace. Quenched in 10% sodium hy¬ 
droxide. Washed. Boiled 15 minutes in '^cleaning solution.’^ 

5A. Heated three hours in muffle furnace. Quenched in a 3-1 mixture of 
10% sodium silicate and sodium hydroxide. (Dried at 140). 

6A. Heated one hour in muffle furnace. Quenched in a 3-1 mixture of 10% 
sodium hydroxide and sodium chromate. 

7A. Heated one hour in muffle furnace. Quenched in a 1-3 mixture of 
10% sodium silicate and sodium hydroxide. (Dried at 140). 

8A. Heated one hour in muffle furnace. Quenched in a 10% solution of 
calcium hydroxide. 

gA. Heated one hour in muffle furnace. Quenched in a i-i mixture of 
10% calcium hydroxide and calcium sulphate. 

8B. Boiled 15 minutes in 10% calcium hydroxide. 

gB. Boiled 15 minutes in a i-i mixture of 10% calcium hydroxide and 
calcium sulphate. 

11 A. Heated twelve hours in muffle furnace. Quenched in a 3 J-2 mixture of 
10% sodium silicate and sodium hydroxide. 

12A. Heated one hour in muffle furnace. Quenched in a 3J-2 mixture of 
10% sodium silicate and sodium hydroxide. 

13A. Heated one hour in muffle furnace. Quenched in a 5-1 mixture of 
10% sodium silicate and sodium hydroxide. 

14A. Heated one hour in muffle furnace. Quenched in a lo-i mixture of 
10% sodium silicate and sodium hydroxide. 

15A. Heated one hour in muffle furnace. Quenched in a 20-1 mixture of 
10% sodium silicate and sodium hydroxide. 

16A. Heated one hour in muffle furnace. Quenched in a 2-1 mixture of 
10% sodium silicate and sodium hydroxide. 

17A. Heated one hour in muffle furnace. Quenched in a i-i mixture of 
10% sodium silicate and sodium hydroxide. 

18A. Heated one hour in muffle furnace. Quenched in a 1-6 mixture of 
10% sodium silicate and sodium hydroxide. 

igA. Heated one hour in muffle furnace. Quenched in a 1-20 mixture of 
10% sodium silicate and sodium hydroxide. 

2oA. Heated one hour in muffle furnace. Quenched in 20% sodium hydrox¬ 
ide. Washed. Boiled in 10% sodium silicate 15 minutes. 

2 2A. Heated one hour in muffle furnace. Quenched in a 4-1 mixture of 
10% sodium hydroxide and tannic acid. 
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Table V (Continued) 

Treatments with 99 Alundum 

23A. Heated one hour in mufSe furnace. Quenched in 10% sodium hy¬ 
droxide. 

2 7A. Heated one hour in muffle furnace. Quenched in 10% sodium silicate. 
27B. Heated one hour in muffle furnace. Quenched in 20% sodium silicate. 
30A. Boiled four hours in 10% sodium silicate. 

31A. Boiled four hours in a 5-1 mixture of 10% sodium silicate and sodium 
hydroxide. 

3 2A. Boiled four hours in 20% sodium hydroxide, drained and boiled 15 

minutes in 10% sodium silicate. 

32B. Boiled four hours in 20% sodium hydroxide, drained and boiled 45 
minutes in 10% sodium silicate. 

All these treatments were quenchings in mixtures of 10% sodium hydrox¬ 
ide and 10% sodium silicate. The “% NaOH” is that percent of the total 
solution which was 10% NaOH solution. The results are shown in Table VI 
and Fig. 2. 

Table VI 


No. of treatment 

Capillarity 

Briquet Strength 

%NaOH 

27A 

54% 

960 lbs. 

0% 

15A 

92% 

849 

5 % 

14A 

40% 

776 

9 % 

13A 

6S% 

992 

16.7% 

iiA 

53 % 

859^ 

25% 

16A 

59 % 

782 

33 - 3 %' 

17A 

60% 

873 

50% 

18A 

34 % 

653 

85.7% 

19A 

38% 

705 

95 % 

23A 

33 % 

626 

100% 


Bookbinders have for many years added glycerine to glue to make it more 
flexible. This suggested the addition of small amounts of glycerine to the 
glue used in making briquets to determine whether it affects the strength 
or the keeping qualities of the glue. To determine the best amount to use, a 
series was made using 2, 4, and 6 drops of glycerol to each 80 grams of glue 
solution. Six briquets were made of each. The results were as follows: 

2 drops glycerol—Average briquet strength s8oJ lbs. 

- jy yy yy yy 

4 

^ yy yy yy yy yy 

Control, no glycerol—” ” ” 

Untreated “99” alundum was used in all cases. 

It apparently makes little difference which amount is used. Hence a 
happy medium was taken and 4 drops used for the next runs. 


S 68 

573 

411 


yy 

yy 

yy 
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A series of i8 briquets were made using lA grit. Some of the briquets 
were tested after two weeks and others were set aside to be tested later. The 
results on these tests were as follows: 

Tested after 14 days—Average strength 84 7 1 
Tested after 63 days—^Average strength 845J 
Control, no glycerol—Average strength 859I 

When used on the untreated grit, the glycerol causes a 36% to 42% in¬ 
crease in the breaking strength. This cannot be due to an increase in strength 
of the glue, for it is known that the glue will readily stand over a thousand 
in briquet tests. Hence we conclude that it increased the adhesion between 
the untreated grit and the glue. Before the glue can be adsorbed by the grit, 
the air film around the grit must be removed, or replaced. The glycerol 
probably replaces this film better than the straight glue solution and brings 
the glue in better contact with the grit thus increasing the adhesion 
between them. 

With the silicate treated grit there is no increase in adhesion between grit 
and glue; that is, the surface of the treated grit is of such a nature that it is 
wetted as easily by the glue alone as it is by the glycerol. There is a possibility 
that the adhesion is greater, but that its affect is destroyed by a weakened 
glue but this seems improbable. Two months time did not affect the glycerol- 
treated glue so it seems probable that there is no ill effect. Other briquets of 
this series are to be given six months before testing. 

Treatment No. 8 on page 3589 shows the effect of glycerol when working 
with T J treated grit, an increase in strength of nearly 37%. The surface of 
this grain is more readily wetted by the glue and glycerol than by the glue 
alone. 

The following series of runs are made in duplicate and are known as 
series and The treatments are chosen from those that previously 

gave best results and are duplicates of each other. There is some question 
as to the duplicatability of the results obtained. To decide this, these treat¬ 
ments are made separately, one series being done at a time. The briquets 
are made up likewise and their drying covers a different period, but one of 
the same length. In order to cut down the variations liable to arise in the 
quenching procedure as heretofore carried out, the method was changed as 
follows: the grain was fed from a large funnel through a small orifice into an 
inclined iron pipe, with an eccentric under one end to insure the grains against 
stopping in the pipe. The pipe was heated to red heat by three blast lamps, 
and the hot grit passing out of the pipe drops directly into the quenching 
bath. The advantages of this method are believed to be more uniformity 
of heating, and a great saving of time in treating the grit. The temperatures 
reached are not as high however so the results of the tests are not as high as 
had been obtained. Since the chief aim is comparison, this does not matter. 
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These rules were adhered to strictly in making the briquets: 

1. All treatments started and finished the same day. 

2. No grit left in drying oven over three hours. 

3. Drying temperature not over iio°C. 

4. All grits thoroughly washed in tap-water. 

5. Glue shall soak 25-30 minutes before placing in the boiling water. 

6. Water shall be boiling when glue is placed in it. 

7. Glue shall be heated exactly 10 minutes in boiling water. 

8. Briquets shall be removed from mould as soon as set. 

9. Briquets shall dry in the rack 14 days. 

10. Six briquets shall be made of each grit. 

Details of the treatments are: 

1. Boil 4 hours in 10% sodium hydroxide. Wash. Boil 30 minutes in 
10% sodium silicate. 

2. Boil 4 hours in 10% sodium hydroxide. Wash. Boil 60 minutes in 
10% sodium silicate. 

3. Boil 4 hours in 20% sodium hydroxide. Wash. Boil 30 minutes in 
20% sodium silicate. 

4. Boil 4 hours in 20%, sodium hydroxide. Wash. Boil 60 minutes in 
20% sodium silicate. 

5. Boil 4 hours in io%> sodium hydroxide. Wash. Boil 60 minutes in 
20% sodium silicate. 

6. Quench in 10% sodium hydroxide. Wash. Boil 15 minutes in 10% 
sodium silicate. 

7. Quench in 10% sodium hydroxide. Wash. Boil 60 minutes in 10% 
sodium silicate. 

8. Quench in 20% sodium hydroxide. Wash. Boil 15 minutes in 10% 
sodium silicate. 

9. Quench in 20^^ sodium hydroxide. Wash. Boil 60 minutes in 10% 
sodium silicate. 

10. Quench in 20^ > sodium hydroxide. Wash. Boil 15 minutes in 20% 
sodium silicate. 

11. Quench in 20 ^sodium hydroxide. Wash. Boil 60 minutes in 20% 
sodium silicate. 

12. Quench in a 5-1 mixture of 10% sodium hydroxide and sodium 
silicate. 

13. Quench in a 5-1 mixture of 20% sodium hydroxide and sodium 
silicate. 

The tabulated results for these series are given in Table VII, and the 
capillarity-briquet strength comparison curves in Figs. 3 and 4. 
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Fig. 5 

Capillarity—Briquet Strength Series 



Fig. 4 

Capillarity-Briquet Strength Series “H” 




Table 

VII 




Results of Series 

"E” and “H” 


Grit No. 


Capillarities 

Briquet Strength 






I 

40 % 40 % 

926 lbs. 

954 lbs, 

2 

58 

53 

1049 

910 

3 

51 


930 

981 

4 

70 

53 

1046.6 

820 

5 

54 

57 

876 

997 

6 

45 

40 

800 

726 

7 

46 

55 

783^ 

822 

8 

35 

41 

700 

756J 

9 

49 

59 

79 Si 

801 

10 

46 

46 

784J 

752 

II 

60 

45 

832.6 

779 

12 

42 

49 

673J 

773 

13 

55 

61 

7 S 3 i 

858 
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As has been stated, series and are primarily to show whether 
the results obtained can be consistently duplicated or not. From this stand¬ 
point, results are not highly satisfactory. Good checks are obtained in seven 
cases, very poor checks in four cases. From this we do get some interesting 
information. The treatments are not the kind that give results regardless 
of how they are done, but on the contrary are very easily affected by imperfect 
control of all factors. Among the possible sources of error are variation in 
concentration of solutions, quenching temperatures, under or over-washing 
the grain, dr3ring temperatures, and possibly presence of certain substances 
in the solutions which will effect the results obtained. These factors were all 
watched during the above runs, but plainly not closely enough. It is known 
that imperfect washing will lead to a high capillarity and low briquet strength 
with some treatments, possibly so with all. Too much washing may decrease 
the effect of the treatment. 

In comparing the relative effect of different treatments, I believe we should 
accept the highest value obtained for each. No treatment can show up better 
than it actually is, but one slip somewhere might decrease its value con¬ 
siderably. Any result once obtained can be duplicated if the proper condi¬ 
tions are found and followed. The danger lies in underestimating the worth 
of any treatment, not in overestimating. 

In reviewing the treatments tried, we find that no high results are obtained 
except from a silicate treatment, either with or without sodium hydroxide. 
With sodium hydroxide, the ratio sodium hydroxide/sodium silicate must 
be kept small. It makes little difference whether long boiling or quenching 
from red heat is the method used. Long boiling has the advantage of being 
less trouble, and the maximum results can be obtained more easily. Where 
both sodium hydroxide and sodium silicate are used, there seems to be little 
difference whether they are used separately or together; the single treatment 
is of course simpler. The concentration has little effect, in general the 20% 
solutions gave slightly better adhesion to the grit than did the 10%, but 
this was not always true, nor was there much difference where there was any. 

The mechanism of this increased adhesion is merely a good point to theo¬ 
rize on until more is known concerning the surface of the treated grains. 
Sodium hydroxide will react slowly with aluminum oxide to form a sodium 
aluminate. This will in turn react with sodium silicate to form a complex 
sodium aluminum silicate. The treated grit shows no microscopic evidence 
of etching however, so it is not likely that there is formed a mechanical 
joint which strengthens the bond. This silicate film is either formed on 
the grain or is adsorbed by it. This film in turn has a specific attraction, 
if it may be called that, for the glue solution, is readily wetted by it and forms 
a very strong bond with it. Since the same result may be had without the 
use of the strong alkali, it seems quite likely that the whole matter is an 
adsorption of the silicate film on the surface of the treated grain. There is, 
as well, a cleansing action, and removal of any grease and air films which 
may be on the grit. Since these films are definitely replaced by another film, 
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the effect of the treatment is long-lasting. If this grit is allowed to be around 
in the open air for a long period of time, it will however lose its adhesive 
properties dowly, due to dirt and air gradually collecting on the treated 
surface. Merely heating the grain causes it to have a higher adhesive strength, 
due to cleansing of the grain. A heated or “burned” grit loses its adhesive 
properties quickly, since there is nothing to prevent it rapidly taking up air 
and dirt. The treatment does not give as high an adhesiveness as the sUicate 
treatment, which supports the silicate film theory and its specific attraction 
for glue. 

The author takes this opportunity to thank the director of this research. 
The kindly suggestions and understanding of Professor Bancroft have made 
the work and the associations most enjoyable. 

Comdl University. 



THE RATES OF FORMATION OF THE ACTIVE REDUCTANTS 
OF SEVERAL SUGARS* 


BY MARTIN H. ROEPKE** AND JOHN M. ORT*** 

Introduction 

‘‘Active glucose’' and similar terms for other sugars have long been used 
to designate those comparatively reactive components of the solutions of 
various sugars which a great mass of chemical and biologic evidence indicates 
exist. 

Since apparently the great bulk of sugar present in solution cannot, under 
many conditions, be directly involved in the reactions which are the most 
obvious and which can be studied easily, it has seemed that there must be 
present a rather small amount of an extraordinarily reactive substance in 
order to account for the activity found. There is no decisive evidence as to 
the chemical nature of these substances, and therefore terms such as “active 
glucose” have had a rather loose and indefinite meaning. Since the sugar 
molecules may be considerably changed in producing these “active sugars,” 
and since the most important property developed is reducing ability, it would 
seem that “active reductant” is a more accurate term. It will be used in 
this sense in the present paper. 

In previous work^ it was shown that at pH lo a solution of 6o gm. of glu¬ 
cose, plus 100 c.c. of buffer, contained about one part of this active reductant 
to 250,000 parts of total glucose present, assuming the reductant to be dival¬ 
ent. By the same procedure a somewhat larger amount, although of the 
same order of magnitude, has since been found to be present at pH 9 for a 
similar solution. Experiments at pH 8 and pH 7 have indicated that similar 
small amounts are present under these conditions, although the rate of re¬ 
action between reductant and dissolved O2 (the oxidant used for the electro¬ 
metric titration) is here too slow, compared to the rate of regeneration of the 
active reductant from the great mass of sugar in solution, to enable these 
amounts to be determined accurately by this method. 

It is evident that if these small amounts are to play an important part in 
the mechanism of the oxidation of sugars, whether in vivo or in vitro, they 
must be comparatively rapidly replaced when oxidized. It was the purpose 
of the present investigation, therefore, to determine the rates of formation of 
the active reductants of several of the common reducing sugars. 

* The m^erial for this paper was taken from a thesis submitted by D. Roepke to the 
Faculty of the Graduate School of the University of Minnesota in partial fulfilment of 
me requu'ements for the degree of Doctor of Philosophy, June, 1930. Read before the 
Division of Organic Chemistry, American Chemical Society, Indianapolis, Indiana, March 
30 to April 3, 1931* Submitted for publication August 27, 1931. 

** Fellow in Biophysics. 

*** Division of Physics and Biophysical Research, The Mayo Foundation, Rochester, 
Minnesota. 
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Experimental Procedure and Apparatus 

To determine the rate of formation of active reductant, all reducing sub¬ 
stances initially present were removed by adding an oxidant in excess of any 
active reductants present in the solution, although not in excess of the total 
amount of sugar dissolved. The rate at which the excess oxidant was removed 
thereafter is equal to the rate of formation of active reductant. In order to be 
suitable for such determinations the oxidant must satisfy two requirements: 

(1) It must react very rapidly with the active reductant, so that the latter 
will be oxidized practically instantaneously the moment it is formed, and 

(2) the oxidant must not attack the components of the solution other than 
the steadily forming active reductant (after the initial removal of reducing 
substances that have accumulated before the oxidant is added). Potassium 
ferricyanide was found to satisfy these important qualifications; these will 
be considered more fully later. 

This oxidant has the additional advantage of forming with its reduced 
form a completely reversible, electromotively active oxidation-reduction 
system. The course of reaction with the active reductants of the sugars can 
therefore be followed electrometrically, since after the initial period necessary 
completely to destroy accumulated reductants, the oxidation-potential of a 
platinum electrode is determined only by the ratio of ferrocyanide to ferricy¬ 
anide, as long as there is an appreciable quantity of the ferricyanide left in 
solution. Since this ratio alone is involved, and not the total quantity of 
ferrocyanide or ferricyanide added, determinations can be made using small 
or large amounts of this oxidant and, by varying the ratio at the start, they 
can be made throughout a range of oxidation-reduction intensities. 

The apparatus used for the measurements was essentially similar to one 
already described,but with a capacity for thirty-two simultaneous determina¬ 
tions. When the electrode chambers containing the solution to be studied 
were lowered into the oil bath of the thermostat they could be shaken to insure 
rapid mixing of any added reagent, although there was an all-glass connection 
from the supply of pure nitrogen gas to the liquid in the chambers. This 
connection was broken when the chambers were raised out of the bath, at the 
end of the run, for cleaning. Oxygen-free nitrogen was prepared from com¬ 
mercial nitrogen by passing the gas through more than 12 feet of an elaborate 
gas washing system containing sodium pyrogallol. Tests showed that the 
nitrogen so obtained was inert to sugar solutions and contained no oxygen 
nor any carbon monoxide or other reducing gases. Control of temperature 
was accurate to within o.o5®C. 

The electrode chambers, each containing 100 c.c. of buffer solution to¬ 
gether with the sugar were fastened to their stoppers and lowered into the oil 
bath. Nitrogen was bubbled through the solution for at least twenty minutes 
to remove most of the dissolved oxygen. Then the potassium ferricyanide or a 
mixture of potassium ferricyanide and potassium ferrocyanide was added by a 
pipet through a hole in the stopper. A particularly vigorous stream of nitrogen 
bubbling through the sugar solution during this addition prevented the en- 
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trance of air in amounts significant for this work. Potential readings were 
then taken at intervals of ten to sixty minutes for a number of hours. 

The buffers used were either M/15 or M/5 phosphate buffers, as indicated 
in the data. Determinations of hydrogen-ion concentration were made with 
the hydrogen electrode at 3o®C.; the standard reference electrode was the 
hydrogen electrode in molar 20th potassium acid phthalate.^ Hydrogen-ion 
concentration was maintained nearly constant during a run by intermittent 
additions of the necessary amounts of alkali. 

Due to the “salt effect” it was necessary to determine the Eo values of the 
ferrocyanide-ferricyanide system for each different set of experimental condi¬ 
tions. This was done in two ways: electrometrically and colorimetrically. 
For the first method a mixture of two parts of ferricyanide and one part of 
ferrocyanide was added to the sugar solution to be studied, and the oxidation 
potential was observed for a certain time. Between the points of the potential 
time curve representing one-third reduced and two-thirds reduced, the curve 
is nearly a straight line if the reduction is proceeding at a constant rate. 
Hence if the slope of the curve after the reaction has become steady is used to 
extrapolate back to zero time, the potential of a mixture two-thirds oxidized 
is obtained and Eo can be calculated from the well-known equation: 


E - Eo 


RT, Red 
NF ^ " 0 ^ ‘ 


The values so obtained check with those determined colorimetrically in the 
following manner. Pure ferricyanide was added to the sugar solution and when 
the oxidation potential indicated it has been approximately one-half reduced, 
the reduction was stopped by acidifying the solution. The ferrocyanide 
present was then determined by Folin^s method® ® and from the potential 
read just prior to the acidification, Eo was calculated as before. 

It was originally intended to check colorimetrically all potentiometric 
determinations of the rate of formation of the active reductants by observing 
the time rate of decolorization of various dyes. Preliminary experiments 
along these lines indicated values of the same order of magnitude as those de¬ 
termined potentiometrically. Wurmser and Geloso have also shown that 
both electrode and dye give the same indications as to the oxidation-reduction 
intensities in sugar solutions. In a former work^ from this laboratory it was 
also shown that in well-stirred solutions the platinum electrode indicated con¬ 
ditions throughout the entire solution and not just those of a local layer ad¬ 
jacent to the surface of the platinum. For these reasons, and because the 
electrometric method is more convenient, rapid and accurate, it was used 
throughout the remainder of the work. 

The chemicals used were Merck's anhydrous chemically pure dextrose, 
Bureau of Standards' dextrose, Eastman's levulose, Pfanstiehl's levulose, 
lactose, maltose, mannose, and galactose, and Baker's chemically pure potas¬ 
sium ferricyanide and potassium ferrocyanide. The buffers were made from 
Central Scientific Company's chemically pure sodium hydroxide, and La- 
Motte's disodium phosphate and potassium acid phosphate for buffers. 
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Experimental Results and Comments 

Since there are acids produced by the reactions between sugars and 
potassium ferricyanide, it was necessary first of all to determine, in an empir¬ 
ical manner, the amount of alkali to be added during the oxidation-reduction 
process to keep the hydrogen-ion concentration constant. This was done by 
titrating the solution with alkali, after the ferricyanide had been reduced, to 
the hydrogen-ion concentration of the sugar solution before the addition of 
ferricyanide. 

In the reduction of ferricyanide to ferrocyanide as illustrated by the change: 

K8Fe(CN)6 K4Fe(CN)6 

one equivalent of alkali is necessary. Any alkali needed in excess of this one 
equivalent is used to neutralize the acids produced by oxidation of the sugars. 
It was found that, for the range of hydrogen-ion concentration studied, the 
amount of alkali necessary to keep the hydrogen-ion concentration constant 
varied from 1.15 to 1.30 equivalents of alkali. That is, for example, if 3 c.c. 
of fifth normal ferricyanide were reduced, the amount of alkali needed would 
be 1.15 to 1.30 times 3 c.c. of fifth normal hydroxide. At alkalinities around 
pH 8 or less, the amount of ferricyanide reduced in a reasonable length of 
time is quite small. The solutions are highly buffered by the phosphate 
buffer present, so the differences in hydrogen-ion concentration produced by 
the additions of 1.15 and 1.30 equivalents of alkali is very low; in fact it is 
within the limits of accuracy of the hydrogen-ion determinations (±0.02 pH). 
At the higher alkalinities, around pH 9.5 or higher, where the amount of 
ferricyanide reduced in a given time is much greater, and the solution is not 
buffered as well, the amount of alkali necessary to keep the hydrogen-ion con¬ 
centration constant appeared to be between 1.20 and i .30 equivalents. There¬ 
fore, the amount of alkali added for the experimental work which followed 
was 1.25 equivalents. From the readings of potential which were taken at 
short intervals of time, the amounts of ferricyanide reduced during those 
intervals could be calculated, and from this the amounts of alkali to be added 
at these times were determined. 

The oxidation of the aldehyde group of the sugar molecule directly to an 
acid group would require two equivalents of ferricyanide and would produce 
one equivalent of an organic acid. This type of oxidation would require 1.5 
equivalents of alkali. However, if each molecule of the reducing substance 
reduces 4 molecules of ferricyanide, and in so doing forms i molecule of an 
organic acid, then the amount of alkali necessary to keep the hydrogen-ion 
concentration constant would be 1,25 times the amount of ferricyanide re¬ 
duced. Or if each molecule of reductant requires 6 molecules of ferricyanide 
for its oxidation and thereby produces i molecule of an acid, the alkali re¬ 
quired to maintain a constant hydrogen-ion concentration would be 1.16 
times the amount of ferricyanide. The optimal amount of alkali to be added 
as found by experiment (1.25 equivalents) seems to favor the second condition 
and would suggest that the oxidation of a molecule of the active reducing 
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substance first formed in an alkaline medium requires four equivalents of 
ferricyanide and results in the formation of i molecule of an acid. The 
difficulties encountered in determining the exact amount of acid formed in 
solutions that are highly buffered (optimal conditions for the present studies) 
warrant a more thorough study along this line. 

When the hydrogen-ion is kept constant, as just described, the rate at 
which the ferricyanide is reduced to ferrocyanide by the alkaline sugar solu¬ 
tion is essentially a constant, except for a short time just after the addition of 
the ferricyanide, during which time adjustments of equilibrium are made. 



Fig. i 

The rate of formation of the active reductant of glucose is constant. 

and again during the last few minutes when the last trace of ferricyanide is 
reduced. If the values for the amount of ferricyanide present at various 
intervals of time are calculated from the potential readings, and these values 
are plotted against time, the type of curve obtained is that shown in Fig. i. 
The rate at which the ferricyanide is reduced is essentially a constant for a 
period of nearly five hours and seems to bear no relationship to the amount of 
ferricyanide present, nor to the oxidation-reduction intensity within the range 
of this system. This proved always to be the case, even though the amount 
of ferricyanide added was greatly varied, and also when various mixtures of 
ferricyanide and ferrocyanide were used. 

This indicates that a small amount of a reducing substance is formed 
steadily from the sugar present, and that this reducing substance is oxidized 
as rapidly as it is formed. Moreover, the ferricyanide cannot react with any 
appreciable speed with any of the other components of the sugar solution 
since the speed of any such side reactions must necessarily fall off with a drop 
in concentration of the oxidant. Since the ferricyanide is removed at a con¬ 
stant rate throughout a wide range of its concentration, it must oxidize the 
active reductant practically the instant it appears. 
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These conditions are in contrast to those of Wurmser and Geloso, who 
attempted to determine such a rate by the use of methylene blue. Their 
curve (November, 1929) shows clearly a drop in the rate of oxidation with 
the fall in concentration of the dye. Rates so determined are consequently 
lower than those determined by our method would be for the same experi¬ 
mental conditions. That is, methylene blue solutions, unless too concen¬ 
trated for accurate determinations of small changes during small intervals of 
time, cannot remove instantly the active reductant as fast as it appears. 
(Consequently a certain concentration of this reductant is built up until the 
sf)eed of its reaction with the dye becomes enough to prevent a further 
accumulation. Although this may result in a steady state, with a practically 
constant speed of oxidation for considerable time thereafter, the fact that 
such a ^^constant speed^’ falls off with the concentration of methylene blue 
shows that this speed of oxidation is not equal to the speed of formation of 
active reductant, but is lower. The concentration of active reductant under 
all such conditions is high enough to support, an appreciable reverse reaction 
in the equilibrium: glucose solution active reductant. That is, the rate of 
formation equals the rate of oxidation plus the rate of reversal, and it is the 
speed of reaction between methylene blue and reductant that is being meas¬ 
ured and not the rate of formation of reductant. 

Wurmser and Geloso’s rate of oxidation of glucose (November, 1929) as 
determined by methylene blue was 7 molecules in thirty-five minutes for each 
1,000 molecules of sugar originally present, 3 gm. per cent at a final pH of 10, 
and at 20® C. This is considerably higher than our rate for this concentra¬ 
tion, temperature, and hydrogen-ion concentration. However, their solu¬ 
tions had been previously subjected to an unknown pH of more than 10 and 
besides had been previously heated to temperatures as high at 84® C. until 
their limiting potentials had been reached. That is, the Ix)bry de Bru3ai-van 
Ekenstein changes had taken place. Wurmser and Geloso^s systems were 
therefore quite different from thosse we were dealing with in fresh glucose 
solutions. Speaking of velocities of reduction of methylene blue in solutions 
of glucose similarly prepared they stated (November, 1929), “These velocities 
are both much greater than the velocity of decoloration of methylene blue by 
a solution of glucose not heated previously.” Moreover, the true velocities of 
formation of active reduct-ants would be still higher under these conditions 
than the rates they found for the reduction of methylene blue after destruc¬ 
tion of any reductant initially present. 

In Fig. 2 are shown curves representing the rates of formation of the 
active reductant of glucose under different conditions of temperature, concen¬ 
tration of glucose and hydrogen-ion concentration. Because of the wide 
range in values it seemed best to plot both the rates and hydrogen-ion con¬ 
centrations as logarithms. The curves as plotted, then, have the same shapes 
as though all numerical values were plotted directly. The outstanding effect 
noticed is that of the H+ or OH”- ions. The dotted lines represent the forty- 
five degree slope the curves would have if the rates were exactly directly 
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proportional to the OH” ion concentration. The rates for glucose then in¬ 
crease faster than the hydroxyl ion concentration. The equation satisfying 
the experimentally determined facts is: 

log V = 1.116 pH + C 

where V is the rate of formation of the active reductant and C is a constant. 

This constant C' varies, of course, with concentration of glucose, concentra¬ 
tion of buffer, and temperature. For a solution of 60 gm. of glucose + 100 c.c. 
of M/15 phosphate and sodium hydroxide buffers at 30® C., C has a value of 
— 8.70. 



Fig. 2 

The rate of formation of the active reductant of ^iucose is proportional to the OH^ ion 
concentration. 


Wurmser and Geloso (November, 1929), who have been associated also in 
similar work with Aubel and Genevois quote the rate for the reduction of 
methylene blue as determined by the latter workers as: 

log V = 0.5 pH + 

which gives slower rates of formation of active reductant than those deter¬ 
mined by our method under equivalent conditions, for reasons which we have 
considered. 

The fact that the rate of formation of the reducing substance bears such 
a close relationship to the hydroxyl-ion concentration suggests that the hy¬ 
droxyl ion is involved either directly in the formation of the active form, or 
indirectly, by increasing the amount of the glucose ion, since sugars are weak 
acids, as has been shown by Michaelis and Rona,2^'22 Steam, and others. 
In the latter case, the glucose ion would be considered as the precursor of the 
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active form. However, in both cases the rate should increase tenfold for each 
pH, whereas the actual rate was found to increase somewhat faster. In this 
connection, slow oxidation of the first oxidation product might be considered 
as a possible cause for the deviation from the tenfold increase. If this slower 
secondary oxidation should take place, its speed should be affected by the 
concentration of the oxidant. As discussed previously, the rate of reduction of 
the ferricyanide does not seem to be affected by either the concentration of 
the oxidant or the oxidizing potential within the range of potentials studied. 
This phenomenon will be discussed again in connection with the rates found for 
the other sugars studied. 

Still other evidence can be found from curves B and C (Fig. 2) that an 
ion is directly or indirectly involved in the formation of the active reductant. 
The only difference between the two solutions used for the determination of 
the rates in these two cases is that one (B) was observed in the presence of 
M/5 phosphate buffer and the other (C) in the presence of M/15 phosphate 
buffer. Since the hydrogen electrode indicates the hydrogen-ion activity 
instead of actual hydrogen-ion concentration, the actual hydrogen-ion con¬ 
centrations of the two solutions are different, even though the hydrogen-ion 
activity may be the same as indicated by the hydrogen electrode; ion activity 
is equal to the actual ion concentration, times the activity coefficient. It is 
a well known fact that an increase in concentration of salt lowers the activity 
coefficient of an ion, and therefore, for solutions having different concentra¬ 
tions of an inert salt, the actual concentration of the ion in question would be 
higher for the solution possessing the higher concentration of salt when the 
activity of the ions of the two solutions is the same. Now it is the product of 
the activities of the H+ and OH"" ions that must be constant under a given 
set of conditions and not necessarily the product of their concentrations. The 
activity coefficient of the OH“ ions and glucose ions would of course also be 
lowered in the more concentrated buffers, making the concentration there 
higher for an apparently identical hydrogen-ion concentration. Hence the 
rates of formation of active reductant from sugar, which increase markedly 
with OH~ ion concentration, are higher in curve B than in curve C. 

If the activity coefficients for a monovalent ion present only in traces in 
the presence of M/15 and M/5 disodium phosphate are calculated by the 
well-known Debye-Hiickel equation, 

~ log i = o.5Zi2 

the activity coefficients are found to be 0.597 and 0.410 respectively. The 
ratio of these coefficients is 1.46 and the ratio of the two rates (curves B and 
C, Fig. 2) is approximately 1.38. The activity coefl&cients, as calculated from 
the Debye-Hiickel equation, are only approximate for solutions of electrolytes 
as concentrated as M/5 sodium phosphate. However, the parallelism be¬ 
tween the ratios of the activity coefficients and the rates of formation is close 
enough to indicate that an ion is directly or indirectly involved in the forma¬ 
tion of the active reductant from the common form of glucose. 
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In order to study the effect of hydrogen-ion concentration on the rate of 
formation of the active reductant at higher alkalinity, a series of determina¬ 
tions on glucose was carried out at 18° C., at which temperature the rates are 
much lower than at 30® C., and therefore more accurate determinations at 
higher values of hydroxyl-ion concentration are pK)ssible. The rates obtained 
are shown in curve D (Fig. 2). The rate of formation of the active reductant 
then was found to be a linear function of the hydrogen-ion concentration 
between pH 7.5 and 11.3. 

The effect of temperature on the rate of formation of the active reductant 
from glucose is shown in Fig. 3. The experimental values deviate slightly 
from a straight line (dotted line). There is no evidence as to whether this 
slight deviation is an apparent or a real deviation, for the same buffer-glucose 
mixture was used throughout this series of determinations, the hydrogen-ion 
concentration of which was determined at 30® C. and the hydrogen-ion con¬ 
centration of phosphate buffers increases slightly on increasing the temperature. 

As is shown in Fig. 3, temperature just as hydrogen-ion concentration, 
is very important in its effect on the rate of formation of the active reductant. 
An increase of 22.5® C. increases the rate of formation approximately one 
hundred fold. That is: 

log V = 0.09T + C2 

where C2 is another constant the value of which depends on the various 
experimental conditions. The equation of Aubel and Genevois, as given by 
Wurmser and Geloso is: 

log V = 0.06T + C3. 

Again, and for the same reasons given before, our values would be higher. 

Assuming that the rate of formation obtained by extrapolating the dotted 
line (Fig. 3) to 100® C. is approximately near the true value, then, all other 
conditions being constant, the rate of formation at 100® C. is approximately 
24,000,000 times higher than at 18® C. The amount of active reductant formed 
in one minute at 100® C. would require approximately forty-five years for its 
formation at 18® C., all other conditions remaining constant. Again, assum¬ 
ing that the rates of formation obtained by extrapolation of curve D (Fig. 2) 
to pH 7.4 and pH 13, are reasonably near the true values, the rate of formation 
at pH IS is approximately 1,780,000 times higher than at pH 7.4. Or the 
amount of active reductant that could be formed at pH 13 in one minute 
would require approximately 3.3 years for its formation at pH 7.4, all other 
conditions remaining constant. 

These comparisons emphasize the importance of hydrogen-ion concentra¬ 
tion and temperature on the activation of glucose. It does not necessarily 
follow that all of the reactions which glucose undergoes in alkaline solutions 
are affected to the same extent by hydrogen-ion concentration and tempera¬ 
ture as the reaction studied in this research. Also, the comparisons imply 
that the active reductant is removed by oxidation as rapidly as it is formed. 

In view of the fact that the reactive groups present in the maltose and 
lactose molecules belong to a glucose group in both cases, it was thought that 
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comparison of the rates of formation of the active reductant from these two, 
and several other, somewhat differently constituted sugars, would give addi¬ 
tional information as to the mechanism of the formation of the reducing 
substance or substances that these various sugars produce in solution. Ac¬ 
cordingly, a series of determinations was carried out to determine the effect 
of hydrogen-ion concentration on the rates for these sugars. The results are 
shown in Fig. 4, the dotted lines again representing a forty-five degree slope. 

The curve for levulose is distinctly different from any of the other sugars 
studied. At pH 7.4 the rate for levulose is approximately one-hundred-fold 



The rate of formation of the active reductant of glucose increases one-hundred-fold 
every 22.5® C. 


higher than for glucose. However, above pH 9 the two curves parallel each 
other, but the rate for levulose is still approximately twenty times that of 
glucose. In this respect, the activities of the two sugars parallel somewhat 
their relative activities in biologic systems. The rate of fermentation of 
levulose is approximately three times higher than that for glucose,^* and the 
ease of formation of glycogen from levulose in rats fasted for forty-eight 
hours is approxmately twice that of glucose.® 

Even though the reducing groups present in maltose and lactose belong 
to a glucose portion of the disaccharides, the rates at which they reduce 
ferricyanide are not the same and are also different from that for glucose 
at the same hydrogen-ion concentration. However, if the rates of formation 
are compared with the dissociation constants of the sugars as weak acids, 
as is done in Table i, there seems to be a definite relation between the disso¬ 
ciation constants and the rates of formation of the respective active reduc- 
tants. The constant rate of formation of the active reductants seems to be 
due then to the presence of a constant amount of the salts or the ions of the 
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sugar in question. The concentrations of the salts or ions present in solution 
over the ranges of hydrogen-ion concentration values studied are low because 
of the weak acid properties or the low dissociation tendencies of the sugars. 
The amounts of sugar oxidized in the determinations over the hydrogen-ion 
concentration ranges used were small compared to the total amount of sugar 
present. Therefore a constant amount of the salts or ions is present in solu¬ 
tion throughout the determination. That these salts or ions, of themselves 
are not the reducing substances, is evident because of the comparatively slow 
rates of formation of the reducing substances found experimentally. Ordinary 



A comparison of the rates of formation of the active reductants of six sugars of different 
hydrogen-ion concentrations. 


acid-base reactions are, of course, very rapid compared to the rates found 
in these experiments. If the view that the precursor of the active reductant 
is the salt or ions of the sugar is correct, then the influence of hydrogen-ion 
concentration on the activity of alkaline sugar solutions is largely indirect 
in that it determines the concentration of the precursor of the active forms 
under the given conditions of concentration of the sugar and so forth. 

That the first active forms of the sugars from which the transformation 
or rearrangement reactions begin in solution are the sugar ions or the sugar 
salt is a belief which has been expressed by Nef, Mathews, Shaffer, Shaffer 
and Friedemann, von Euler and his associates®- * Groot, Michaelis and Rona**'- “ 
and others. In view of the results of these investigators and those of Evans 
and his associates, and of Shou and Wunnser it seems probable that the rates 
of formation of the active reductants found experimentally in this research are 
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measures of the rates of formation of the 1-2 enediol forms of the aldoses 
studied and 1-2 and 2-3 enediol forms in the case of levulose. 

Besides the primary effect of hydrogen-ion concentration which has just 
been considered there seems also to be a smaller secondary effect of hydrogen- 
ion concentration on the rate of formation of the active reductant from any 
given sugar. This is noticed by the differences between the curves for galac¬ 
tose and for levulose below pH 9 from those of mannose and the glucose 
series (Fig. 4). The effect of hydrogen-ion concentration on galactose is 
represented by the equation: 

log V = 0.86 pH -f C 

The angle between the curve for galactose and the forty-five degree line 
is approximately equal to, but opposite in sign to, the angles between this 
line and the curves for mannose and for the glucose series. This suggests 
that there is a secondary effect of hydrogen-ion concentration not related 
directly to the primary effect. 

An interesting fact in this connection is that the important structural 
difference between galactose and the mannose-glucose series is in the stereo 
arrangement of the fourth carbon atom which is diametrically opposite in the 
two cases. 

The work of Pryde, Levene and his associates, Hawarth and his associates, 
Irvine, and others has shown that sugars possess a cyclic structure, and that 
the fourth and fifth carbon atoms are largely those involved in the ring forma¬ 
tion. The different ring forms are considered as existing in equilibrium with 
each other in solution. In his review of ‘^active glucose,^^ Levene expressed 
the belief that the ring structures are of importance in the activity of sugar 
solutions. Decreased hydrogen-ion concentration might be considered, then, 
as causing a shift in the equilibrium from the 1-5 to the less stable 1-4 oxide 
ring structure in the case of the mannose-glucose series, and have the opposite 
effect on galactose, due to the fact that the stereo arrangements of the fourth 
carbon atoms are mirror images of each other in the two cases. However, it 
is to be remembered that the behavior of maltose and of lactose parallels 
that of glucose. The unions of the two hexoses present in each of these two 
disaccharides are made by way of the fourth carbon atom of the reducing 
hexose which would prevent the fourth carbon atom from entering into any 
oxide ring formation. 

According to dissociation constants for glucose and mannose (Table I) 
the concentration of the ion precursor of the active form of mannose is nearly 
twice that for glucose under the same conditions of hydrogen-ion concentra¬ 
tion and concentration of sugar. However, the rate of formation of the re¬ 
ducing form from mannose is but 64 per cent of that for glucose (Fig. 4), 
even though the concentrations of the precursors are in the ratio of approxi¬ 
mately 1.7 to I, respectively. From these relationships it would appear that 
the glucose ion or salt can rearrange or change to the reducing form 2.5 
times more easily than can the mannose ion or salt. In this connection, it 
may be that the secondary effect of hydrogen-ion concentration mentioned 
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previously is due to changes in hydrpgen-ion concentration causing changes 
in the case of rearrangement of the precursor, or first active form, to the reduc¬ 
ing form, and that this effect for galactose is diametrically opposite to that for 
the mannose-glucose series. This also may explain the peculiar shape of the 
curve for levulose, if one considers that according to Nef^s general theory, 
levulose may rearrange directly to either the 1-2 or the 2-3 enediol form. 
The ease of rearrangement to either form of the enediols may each vary as 
some function of the hydrogen-ion concentration, to give the type of curve 
found experimentally (Fig. 4). The possibility of secondary and tertiary ioniz¬ 
ation of these various sugars must also be considered. The secondary effect of 

hydrogen-ion concentration may perhaps 
involve these dissociations of the sugars 
which may have their effect on the rates 
of formation of the active reductants. 

The presence of ferrous hydroxide does 
not increase the rate of formation of the 
active reductant from glucose. The con¬ 
centration of iron used was the same as 
411 that found by Clifton and Ort to be 

GtwiA giu«SI + 100 cc imffcr .d 946 . so'c"' adcQuatc to CRUsc rapid oxidation of the 

active reductant by molecular oxygen 

The rate of for'LLn of the act.ve gm. equivalents in a solution 

reductant of glucose is projjortional to of 6o gm. of glucose plus lOO C.C. buffer), 
the concentration of glucose. 

and Smith, and by Palit and Dhar, this indicates that the catalytic action 
of sodium ferro-pyrophosphate, ferrous hydroxide, cerrous hydroxide, and 
so forth, on the oxidation of carbohydrates by molecular oxygen is due to 
catalysis of the reaction between the reductant and oxygen, and not due to 
an increase in the rate of formation of the reducing substance. 

Fig. 5 shows the effect of concentration of glucose, expressed in terms 
of varying amounts of glucose added to a constant amount of buffer on the 
rate at which active reductant is formed for each gram mol of glucose present. 
The ratio of the rates for the highest and lowest concentrations studied (6o 
gm. and i gm., respectively, plus loo c.c. buffer) is approximately 2.7 to i. 
There seems to be no certain answer to the question of why this difference 
occurs. A probable explanation centers around an apparent or a real increase 
in the dissociation constant of glucose with increasing hydrogen-ion con¬ 
centration. 

The dissociation constant of a weak acid is represented by the following 
equation; 

[H+] X [Ai _ ,, 

[HA] 

where [H*^] is the hydrogen ion concentration, [A~] the anion concentration, 
and [HA] the concentration of the undissociated acid. From this it follows 
that if K and [H+j are constant the rate of formation of the active reductant, 
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assuming that the glucose ion A~ is its precursor, when calculated as rate per 
gram mol, should be independent of the concentration of the glucose solution. 
The increased rate of formation of the reducing form in the solutions of higher 
glucose concentration may be due either to actual increase in the dissociation 
constant (K) caused by the glucose changing the nature of the solvent, or an 
apparent increase in the dissociation constant may be due to the actual 
hydrogen-ion concentration being lower in the solutions of higher glucose 
concentration, even though the hydrogen electrode might indicate the two to 
be the same. A phenomenon of this type has been observed by Michaelis and 
Rona, who found that the addition of ethyl alcohol (which is considered as a 
very weak acid) to a solution of sodium hydroxide, in such a quantity as to 
make the solution 2 normal with respect to ethyl alcohol, did not decrease the 
hydroxyl-ion concentration, but they found, rather, an increase in the hydroxyl- 
ion concentration as measured by the hydrogen electrode. This apparent or 
real increase is equivalent to an increase of 7 per cent in the ionization product 
of water. Kendall also emphasizes the fact that the part played by the 
solvent in ionization cannot be ignored. The increase in the dissociation con¬ 
stant of glucose necessary to account for the 2.7 fold increase in the rate of 
formation of the active reductant over the range of concentrations studied 
would be represented by a change of from to Or, from a 

slightly different point of view, hydration of the sugar molecules which natur¬ 
ally proceeds further in more dilute solutions may produce a hydrated sugar 
molecule which is more difficult for the OH"" ions to attack. That is, hydrated 
glucose is a still weaker acid; its ionization constant is lower. The less hy¬ 
drated molecule of the more concentrated solutions, therefore, would give 
more ions which probably are the precursors of the active reductant, and 
hence there is a faster rate of formation of this reductant. 

Summary 

The rate of formation of the active reductants formed in mildly alkaline 
aqueous sugar solutions has been determined for glucose, mannose, galactose, 
levulose, maltose and lactose under accurately controlled conditions of hydro- 
gen-ion concentration and temperature. The effect of hydrogen-ion concen¬ 
tration on the rate of formation of the active reductant from each of the 
sugars named has been determined. It is represented by the equation: 

log V = 1.116 pH + C, 
for the mannose-glucose series, and 

log V = 0.86 + C, 

for galactose. 

This rate for glucose is higher than that found by Aubel and Genevois, or 
log V = 0.5 pH + C. 

We believe that under the conditions of their experiments the active re¬ 
ductant was not removed as fast as formed, and that consequently their rate 
is too low. 



3610 


MARTIN H. ROEPKE AND JOHN M. ORT 


The relationship between the effect of hydrogen-ion concentration on the 
rate of formation of the active reductants from the various sugars studied and 
the dissociation constants of the respective sugars, indicates that the pre¬ 
cursor from which the reducing substances are derived is the sugar ion. The 
effect of electrolytes on the rate of formation of the reducing substances as 
found experimentally is also in accordance with this view. 

Besides the primary effect of hydrogen-ion concentration in regulating the 
concentration of the ions or salt of the sugar, there is a less pronounced second¬ 
ary effect of hydrogen-ion concentration on the rate of formation of the re¬ 
ducing forms. This secondary effect of hydrogen-ion concentration on galac¬ 
tose is diametrically opposite to that found for glucose, mannose, maltose 
and lactose. 

The rate of formation of the active reductant from glucose as affected by 
temperature was studied between 18° and 41® C\ An increase in temperature 
of 2 2.5°(\ increased the rate of formation approximately one-hundred-fold; 
that is, 

log V = o.oqT + C, 


The equation of Aubel and Genevois was: 

log V = 0.06T + C. 

The effect of concentration of glucose on the rate of formation of the active 
reductant was studied at concentrations ranging from i gm. of glucose to 60 
gm. of glucose plus 100 c.c. of buffer. The rate of formation was found to 
increase approximately as a linear function of the concentration, the rate for 
each gram mol of glucose increasing 2.7 fold over this range of concentration. 
This phenomenon is believed to be due to gradual apparent or real increase in 
the dissociation constant of glucose with increasing concentration. 

The rate of formation of the active reductant from glucose is not influenced 
by the presence of ferrous hydroxide. 

The rates of formation of the active reductants as found experimentally 
in this research are believed to be measures of the rates of formation of the 
1-2 enediol forms for the aldoses studied and both the 1-2 and 2-3 enediols 
in the case of levulose. 


Tabulation 


Ionization eon- Ratios of ioniza- 

stants tion constants 

X Glucose = I 


Sugar 

A* 

B** 

c*** 

A^ 



Glucose 

6.6 

6.0 

6.8 

I 

I 

I 

Lactose 

6.1 

7.6 

10.6 

0.93 

1.26 

1-59 

Maltose 

18.0 

8.S 

12.2 

2-73 

1.42 

1.80 

Mannose 

10.9 


II .6 

1.65 


1.71 

Galactose 

5-2 

4-3 

4.3 

0.79 

0.72 

0.65 

Levulose 

9.0 

8.6 


1.36 

1-43 



A*** Michaelis and Rona, iS^^C. (1913). 

B** Steam, 23°C. (1931)- 

C*** Authors, 30°C. (1931). 


Ratios of experimentally 
determined rates of 
formation of 
active reductants 
Glucose = I 

I 

1-37 

2.04 

0.68 
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THE CATALYTIC DECOMPOSITION OF HYDROGEN 
PEROXIDE BY CADMIUM IODIDE 


BY RALPH U. GOODING AND JAMES H. WALTON 

The catalytic decomposition of hydrogen peroxide by soluble iodides was 
first studied systematically by Walton^ who found that in neutral solutions 
of potassium iodide, sodium iodide and ammonium iodide the rate of de¬ 
composition of hydrogen peroxide is directly proportional to the concentration 
of the iodine ions present in the solution. This relationship may be quantita¬ 
tively expressed as follows: 

velocity constant 

- 1 - =: 1.^5 

concentration of iodides X degree of dissociation 

The degree of dissociation was determined from conductivity measurements. 
In the case of cadmium iodide the above expression gave a value of 1.91, 
which discrepancy was believed to be due to the complexity of the cadmium 
iodide molecules. In such a solution conductivity measurements would ob¬ 
viously give no data for iodine ion concentrations. 

McBain,2 who studied the properties of solutions of cadmium iodide, 
assumes very incomplete dissociation, and the presence of the complex anion 
Cdia” and the partially dissociated cation Cdl+ formed as follows: 

Cdl2 Cd+-^ + 2I-’ 

Cdl2^=^CdI+ + I- 
3Cdl2;=±Cd++ + 2Cdl3- 

Using the E.M.F. measurements of cadmium iodide in various concentra¬ 
tions in the cell 

Cd Cdl2 KCl KClHgjCU Hg 
Sat. .iN Solid 

McBain® determined the concentration of the Cd''"*' ions and from these data 
together with the E.M.F. measurements made by Getman^ on the cell 

Cd 1 Cdl, 1 Agl 1 Ag 

calculated the concentration of the iodine ions in the solution. Using the 
general formulation of migration of Laing and McBain® the concentrations of 
the complex cation Cdl"*- and anion Cdla” were determined. 

‘ Walton: Z. physik. Chem., 47 , 185 (1904). 

^ McBain: Z. Elektrochemie, 11, 215 (1905). 

* McBain: J. Phys. Chem., 35 , 999 (1931). 

^ Getman: J. Phys. Chem., 32 , 940 {1928). 

* Laing and McBain: J. Phys. Chem., 28 , 673 (1924). 
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It was hoped that by using McBain’s data® for the concentration of iodine 
ions in cadmium iodide solutions it would be possible to account for the 
difference in behavior between the cataljrtic action of cadmium iodide and the 
action of sodium, potassium and ammonium iodides on hydrogen peroxide. 

Experimental 

In order to obtain data for the concentrations used by McBain a series of 
measurements were made on the catalytic effect of various concentrations of 
cadmium iodide solutions on the decomposition of hydrogen peroxide. The 
hydrogen peroxide used was Merckxs C.P. quality Superoxol which had been 
distilled from quartz under reduced pressure and preserved in quartz flasks. 
When the product thus purified was redistilled it gave results similar to that 
having but one distillation. In order to determine the effect of any volatile 
acids present on the rate of decomposition the distilled hydrogen peroxide was 
redistilled from barium carbonate. A sample of this hydrogen peroxide also 
showed the same rate of decomposition as that which had been distilled but 
once under reduced pressure. Merck’s C.P. quality cadmium iodide, twice re¬ 
crystallized from conductivity water, was used. Concentrations are expressed 
in mols of solute per liter of solution. 

The rate of decomposition of hydrogen peroxide was determined by meas¬ 
uring the volumes of oxygen evolved in various time intervals. The reaction 
was carried out in a pyrex flask of 100 cc. capacity connected by glass capillary 
tubing to a 50 cc. burette. The method of adding the catalyst to the solution 
and the device used to shake the flask, and thus avoid supersaturation, have 
been described by Walton.^ All measurements were made at 25®. 

The rates of decomposition of hydrogen peroxide by cadmium iodide were 
determined for several concentrations. The constants (unimolecular) agree 
within 3 per cent. Table I summarizes the data obtained with different con¬ 
centrations of cadmium iodide. 


Table I 

The decomposition of hydrogen peroxide by various 
concentrations of cadmium iodide 


Mols Cdio 

K 

Mols Cdl2 

K 

.005 

.01045 

•0643 

.0611 

• 00643 

.01287 

. 100 

.0667 

.010 

.01785 

•125 

.0764 

.020 

•0295 

. 200 

.0932 

•0273s 

.0362 

.250 

.1079 

.050 

•0531 

.500 

. 1642 

•0547 

• OS 3 S 




Although the decomposition of hydrogen peroxide by potassium iodide has 
been repeatedly measured, it was thought best to repeat these measurements, 
and to extend the concentrations of potassium iodide used. The data are 
summarized in Table II, columns one and four. 
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A. The catalytic effect of the iodine ion 
The data obtained are shown in Table II, where the relation between the 
velocity constant and the concentration of iodine ions has been calculated. 
The values used for the dissociation of potassium iodide were taken from the 
International Critical Tables Vol. VI, page 235. 

Table II 

Relation between the speed of decomposition of hydrogen 
peroxide and iodine ion concentration 
KI (A^ = 149.8) 

Mols KI 


per liter 

Av 

a 

K 

K/Ci~ 

.005 

144.2 

96.3 

00725 

I SO 

.010 

141.9 

94.7 

.01439 

I 52 

.020 

1391 

92.9 

.02920 

1-57 

.030 

I 37 -I 

91.5 

.04499 

1.64 

.050 

134.1 

89.5 

.0718 

1.60 

. 100 

130.5 

87.1 

. 1410 

1.61 


Avg. 1.57 

The average value in the last column differs from that determined by 
Walton^ but agrees with that determined by Abel.® Walton found it to be 
1.46 while the average of AbeFs determinations give a value of 1.57. 

From the data of McBain and the results of our experiments given in 
Tables 1 and II, it is now possible to determine whether or not the catalytic 
decomposition of hydrogen peroxide by cadmium iodide is directly propor¬ 
tional to the iodine ion concentration as in the case of the other iodides. 

Table III 

The composition of cadmium iodide solutions according to McBain and 
the catalytic decomposition of hydrogen peroxide by cadmium iodide solutions. 


Mols 


Cdli 

I- 

Cdl+ 

Cdlr 

K(Obs.) 

Ki-(Calc.) 

K(Ob8.)—Ki-(Calc.) 

.005 

•0063 

— 

— 

.01045 

.00989 

.00056 

.010 

.0103 

.0029 

— 

.01785 

.01617 

.00168 

.020 

.0148 

. 0079 

.0011 

.0295 

.0232 

.00627 

.050 

.0228 

.0196 

.0064 

•0530 

•0358 

.01728 

. 100 

.0252 

.0237 

•0153 

.0667 

.0396 

.0271 

.200 

.0285 

.0359 

•0350 

.0932 

.0447 

.0485 

. 500 

.0181 

.0004 

.1769 

. 1642 

.0284 

• 1358 


McBain^s data for the concentration of the various ions in cadmium iodide 
solutions are given in the first four columns of Table HI. To calculate the 
velocity of decomposition of the hydrogen peroxide by the iodine ion in a given 


«Abel: Z. Elektrochemie., 14 , 598 (1908). 






CATALYTIC DECOMPOSITION OP HYDROGEN PEROXIDE 361 $ 

concentration of cadmium iodide it is simply necessary to multiply the iodine 
ion concentration by the value 1 , 57 . The results, listed in column 6, plainly 
do not agree with the observed velocity constants given in column 5. The fact 
that K observed is greater than K calculated shows that in the decomposition 
of hydrogen peroxide by cadmium iodide other factors beside the iodine ions 
are operating to decompose the peroxide. Other ions present in the solution 
which might act as catalysts in the reaction are Cd'‘"“‘’, Cdl“*" and Cdl3~. 

In order to determine the effect of the Cd^"*" ion the rates of decomposition 
of hydrogen peroxide by solutions of cadmium iodide with the addition of 
various concentrations of Cd'^''*’ ions, in the form of cadmium chloride, were 
determined. The addition of .5 gram and i gram of cadmium chloride to a 
.TO molar solution of cadmium iodide had practically no effect on the rate of 
decomposition, the value K being .0649, .0641 and .0667 respectively for the 
three solutions, consequently the cadmium ions can be eliminated. 

The effect of Cdl+ and Cdls will now be considered. From McBain’s 
data in Table III it will be seen that in o.oi molar cadmium iodide, iodine 
ions and Cdl*^ ions are present while the concentration of 0.5 molar cadmium 
iodide contains iodine ions and Cdia ions, with a negligible concentration of 
(MI"^ ions. Since the catalytic effect of the iodine ion is known it is possible 
to calculate the effect of the Cdl’*' ion for the .01 molar solution. This gives 
a value of .$8 for the effect of the Cdl+ ion. Similarly the effect of the Cdig 
ion, calculated from the data for a 0.5 molar solution, gives .77 for the effect 
of that ion, a value very close to one half that for the iodine ion. Using these 
values it is now possible to calculate the catalytic effect of each ion in the 
various solutions of cadmium iodide. The data are given in columns 4 and s 
of Table IV. The assumption that the catalytic effect of these ions is directly 
proportional to the concentration of each ion is seen to be justified. The sum 
of the values in columns 4 and 5, listed in column 6, which give the combined 
effects of Cdl”^ and Cdia show a very good agreement with the data in 
column 7. 


Table IV 

The catalytic effect of Cdl"^ and Cdia” ions 


Mols 

CdV 

cdir 

Kcdl+ 

K Cdlj"" 

Calc. 

Obs. 

Cdio 





Kcdl+ +Kcdir 

KcdI+-hKcdls 

.010 

.0029 

— 

.00168 

— 



.020 

.0079 

.0011 

.00458 

.00085 

•OOS 43 

.00627 

.050 

.0196 

.0064 

.01137 

.00493 

• 0163 

•0173 

. 100 

.0237 

• 0153 

•01375 

.01178 

•0255 

.0271 

. 200 

•0359 

•0350 

.02695 

.02695 

.0477 

.0485 

.500 

.0004 

.1769 






These data, therefore, substantiate the work of McBain in that the con¬ 
centration of each ion he postulates as being present in solutions of cadmium 
iodide agrees with its catalytic decomposition of hydrogen peroxide. Each 
specific ion has a definite rate of catalytic action and the remarkable agree¬ 
ment between the concentration of each type of ion in solution, as calculated 
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by McBain from conductance measurements and transport numbers, with 
the results of the present study can not be attributed to chance. While it 
has not been proven that the ions present are those postulated by McBain, 
nevertheless, it has been shown that the effect of the ions in this decomposition 
can be attributed to the same ions which influence conductance and trans¬ 
ference. 

B. The effect of the addition of iodine to solutions of cadmium iodide 
The influence of the addition of iodine on the catalysis of hydrogen 
peroxide by potassium iodide has been determined by Walton.^ He found 
that as the concentration of iodine increased the rate of decomposition de¬ 
creased. This effect was explained on the theory that potassium iodjde is 
practically completely dissociated and with the addition of iodine, 13 ions 
are formed. 

K+ + r +12 = K-^ +13“ 

The I3" ions were found to have practically no effect on the decomposition of 
hydrogen peroxide. This effect was quantitative since the number of mols of 
potassium iodide in a solution could be calculated by kinetic measurements as 
well as by the method of Jakowkin.^ 

Experiments were performed to determine the effect on the decomposition 
of hydrogen peroxide of solutions of cadmium iodide to which iodine had been 
added. These results are recorded in Table V. 

Table V 


The decomposition of hydrogen peroxide by solutions of cadmium iodide 
containing various concentrations of iodine 


Mols Cdl2 

Mols I2 

K 

Mols Cdl2 

Mols I2 

K 

.01 

.0000 

.01785 

.250 

.0000 

.1079 

. 01 

.0045 

.01316 

.250 

.00338 

. 1024 

. 01 

.0075 

.01125 

.250 

.02040 

• 1051 




.250 

.03624 

•1035 

•125 

.0000 

.0763 




•125 

.015 

.0765 




.125 

.025 

.0740 





These data, Table V, indicate that in solutions of cadmium iodide the 
addition of iodine has a greater effect on the rate of decomposition of hydrogen 
peroxide in dilute solutions than it does in concentrated solutions. The veloc¬ 
ity constant decreases from .01785, for a solution of .01 molar cadmium iodide 
to .01316 for a solution of the same concentration of cadmium iodide to which 
.0045 mol of iodine has been added. In contrast to this, for a .25 molar solu¬ 
tion of cadmium iodide the velocity constant is .1079 as compared to .1024 
for the same concentration of cadmium iodide to which 0.00338 mol of iodine 
has been added and .1035 for .03624 mol of iodine added. 

^ Jakowkin: Z. physik. Chem., 20, 19 (1896). 
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Bruns* has shown that when iodine is added to solutions of cadmium 
iodide the conductance of the solution is increased. According to his theory 
this increase is due to the shift in equilibrium between the associated molecules 
and the simple molecules of cadmium iodide according to the following 
equation: 

(Cdls)n nCdl2 <=1 nCd++ + anl" 

This explanation agrees with our results since in a dilute solution there 
are practically no associated molecules while in a concentrated solution there 
is a considerable percentage of them. When iodine is added to a dilute solu¬ 
tion of cadmium iodide I3” ions are formed. When, however, the iodine is 
added to concentrated solutions, as the I3” ions are formed the complex 
molecules are broken down into simple molecules which can in turn dissociate 
to give iodine ions. 

These results also agree with the work of Van Name and Brown* on the 
distribution of iodine between aqueous solutions of cadmium iodide and 
carbon bisulfide. 

Summary 

(1) In the catalytic action of cadmium iodide the Cd++ ions have been 
shown to be without appreciable catalytic effect on the hydrogen peroxide. 
The active agents in the catalytic decomposition of hydrogen peroxide are I~ 
ions and the Cdl'*' ions and Cdl3 ions, postulated by McBain. Cdl3~ ions 
decompose hydrogen peroxide at a rate which is nearly 50% that of the 
iodine ions. In each case the velocity of decomposition is directly propor¬ 
tional to the concentration of the active ions. 

(2) The ionic complexity of cadmium iodide solutions, as determined 
quantitatively by McBain, has been confirmed by kinetic measurements. 

(3) The effect on the decomposition of hydrogen peroxide of solutions of 
cadmium iodide to which various concentrations of iodine have been added 
has been determined. The addition of iodine to dilute solutions of cadmium 
iodide showed large decreases in the velocity constants. The addition of 
iodine to concentrated solutions of cadmium iodide showed very small de¬ 
creases in the velocity constants. 

MadUon, Wisconsin. 


' Bruns; Z. Physik, 34 , 751 (1925). 

•Van Name and Brown: Am. J. Sci., 44 , 105 (1907). 



RHYTHMIC SPLITTING OF SILICIC ACID GELS' 


BY EAKL C. H. DAVIES 

Introdudion. —For several years the author has been interested in the 
structure of gels, especially that of silicic acid gels. It had been observed that 
during syneresis they frequently split in planes at about a 45“ angle to the 
axis of the tube. During August of 1930 a few experiments were carried out 
in different shaped flasks, but no definite conclusions were reached. In April 
of 1931 my attention was called^ to a 30 cm length of ordinary glass tubing 



Fig. I 

(Photo by Fred. A. Bisceglia) 


which’^had apparently been used for stirring a silicic acid gel mixture, and 
had been put away full of it. The gel had split in rhythmic waves whose 
cause seemed worthy of investigation. 

Appearance of Rhythmic Splits .—In general shape a rhythmic split (Fig. 
i) resembles a sine wave curve, but the waves are about 1,5 times as long as 
those of a true sine curve. In the large tubes, especially those with diameters 
of more than about 7 cm, splitting is rapid and the split is filled with water 
solution resulting from syneresis. When the tube is open at both ends this 
liquid may be poured out or it may be permitted to slowly evaporate. In 
either case drying then continues until the wave segments are entirely sep¬ 
arated from each other, and finally the gel shrinks and may disintegrate. 
For smaller tubes splitting is similar, except that in them there is less tendency 
for the appearance in the split of any solution, and splitting is not so rapid. 
When first formed, especially in the larger tubes, the cross section of a split 

^ Presented in September, 1931, at Buffalo, before the Colloid Division of the American 
Chemical Society. 

* By Joe H. Balthis, Jr., in this laboratory. 
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seems to be nearly if not entirely fiat, before drying removes some of the 
water. During drying the curvature of the cross section steadily increases 
in such a way that it is convex toward the wall it is leaving and concave 
toward the wall it is approaching. 

Three Types of Splitting of Silicic Add Gels, —Splitting of a silicic acid gel 
in a tube begins at the open end and progresses toward the closed end. It 
may take place in one of three ways. 

1 . The gel may split away from the wall (Fig. 3 , left), producing a cylinder 
which gradually shrinks and in some cases (such as HCl-silicic acid gels) 
disintegrates. This form of split is quite common for vertical tubes, espe¬ 
cially when they are fairly large. 

2. The gel may split straight, along the center of the tube, whenever 
the split starts along a line coinciding with a diameter of the tube. Generally 
such a split will be a little off center, will be pulled toward the side of the 
tube and then begin to split rhythmically. 

3. The gel will split rhythmically whenever setting and syneresis is ac¬ 
companied by sufficient contraction to cause any splitting, and providing the 
initial splitting occurs along some line not coinciding with the inside circum¬ 
ference of the tube or one of its diameters. Rhythmic splitting is general 
whenever the gel is allowed to set in other than a vertical position, because 
the split starts at the top off center due to the lack of symmetry of the menis¬ 
cus. Even with a circular meniscus rhythmic splitting will result if an off- 
center crack be started with a sharp point or blade. 

Experimental 

Experiments were carried out with the following objectives. 

I. Adds used for Rhythmic Splitting, —Since the accidentally discovered 
rhythmic splits had been produced in a gel of uncertain composition, prelim¬ 
inary experiments were carried out with gels made from d. 1.16 water glass 
and equal volumes of five different acids varying in strength from 3N to 12N. 
It was found that rhythmic splitting was obtained with the following acids: 
hydrochloric, sulfuric, nitric, citric, and acetic. However, acetic was not so 
good as the others. From standpoint of stability, and uniformity of results 
sulfuric acid proved best. The gels made with nitric acid were entirely 
satisfactory in the smaller tubes, but gave some irregularities in the larger 
ones. The chief trouble with the gels made with hydrochloric acid is that 
on standing they readily disintegrate, especially at the higher temperatures, 
giving long, hair-like crystals over the entire gel surface. Citric acid gels 
are sometimes fairly satisfactory. Each gel consisted of equal parts of the 
acid and a d. 1.16 commercial water glass. The latter was Philadelphia 
Quartz Co. *'E Brand,’^ except for the HCl gels, which were made with 
‘‘Rutland^^ water glass. 

Some of these preliminary results are given* in Table I. 

’ This set of gels was prepared and preliminary measurements made by W. N. Dunn, 
S. R. Brownstein and F. n. Crago. The measurements given here are those made by the 
author. 
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Table I 

Wave Lengths of Splits in Silicic Acid Gels at 38.5^0 and at an Angle of 57® 



Diameter 

Acid 

Number 

Average 



average 

in 

of waves 

length 



in mm 

gel 

counted 

each wave 

L/D 


D 



in mm 






L 



6.966 

12 N HCl 

5 

3135 

4.500 


5.624 

12 N HjS 04 

4 

309 

5-497 


M 

00 

12 N HAc 

I 

25.0 

5.221 

Average 



3.3 

29.08 

5-073 


S-88I 

6N IICl 

13 

27.52 

00 

0 


7,241 

6N H»S 04 

2 

34.4 

4.764 


5.678 

6N HNO, 

9 

25.55 

4.502 


5.612 

6N HAc 

5 

23.8 

4-243 

Average 

6.103 


29 

27.82 

4-549 


4-947 

3N HjS 04 

I 

25.0 

5-058 


5.896 

3N HNO3 

2 

26 5 

4-495 


5.890 

3N Citric 

2 

35-0 

5-940 

Average 

5-578 


5 

28 8 

5-164 


They show that a wide range of acids may be used to give rhythmic 
splits. Measurements of tube diameters were made across two diameters 
at right angles to each other, with a Gaertner micrometer microscope on a 
sliding stage and giving readings to 0.001 mm. The wave lengths were read 
to o.i mm. Therefore, all readings are quite exact, but still it would be 
necessary to make many more determinations before one could definitely 
arrange these acids in order of decreasing wave lengths for the splitting of 
their silicic acid gels. This has been done for: 6N HCl, 6N H2SO4, 6N 
HNOa, and 3N HCl. 

Beside preliminary experiments, a final run (Table III) was made simul¬ 
taneously with 50 tubes of gel prepared from each of these acids. The order 
of decreasing wave lengths of the rhythmic splits in tubes of 3.58 mm diameter 
is 6 N HNOa (5-045) > 6 N HCl (4.821) > 6N H2SO4 (4.631) > 3N HCl 

(4.567). The values in parentheses are for 


2. The Influence of Angle of Setting on Rhythmic Splits, —Since the acci¬ 
dentally discovered rhythmic splits had been produced in a gel contained in 
a horizontal tube, and since good rh3rthmic splits have escaped general notice, 
it seemed possible that the position of the tube during setting might be found 
important. It is seldom that a tube of gel is allowed to set at other than a 
vertical position. 
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Hence, preliminary experiments vere carried out with tubes at different 
angles ranging from horizontal to vertical. These preliminary results are 
given in Table* II. All the tube diameters were measured with the Gaertner 
micrometer, across two diameters at each end of each tube. The clean tubes 
were then nearly filled with the gel mixture made from equal parts of the 
acid and d. 1.16 water glass (Philadelphia Quartz Co. “E Brand”), and 
closed at one end with a clean rubber tubing and glass rod. Each tube was 
placed at a definite angle and the gel allowed to set and remain at that angle 
until splitting had progressed about 30 cm, to the bottom of the tube. Tubes 
were also run with both ends open (after setting) and with both ends closed. 
Good rhythmic splits resulted only when the tube was open. 


Table II 

Influence of Angle of Setting and Temperature on Rhythmic Splitting of Silicic 
Acid Gels (L=wave length, D=diameter of tube in mm) 


Angle 

L/Dfor6NHCl 

L/D for 

L/D for 

L/D for 

L/D for 

L/D averages 

of 

at 

at 

6N H,S 04 

6N HNO, 


6N Citric 3N HCl 

at 

59 4*0 

setting 

25°C 

59 4 'C 

at 59 4‘’C 

25°C 

59 . 4 “C 

25°C 

59 4°C 

2S”C 

0® 

4.760 

3.819 

4.502 

4.840 

4.336 

4.880 

none 

good 

4.824 

4.219 

21® 

5.202 



5.161 


4-837 


5.067 


42® 

5.402 

5 184 

4.080 

5.006 

4.750 

4-929 

4-275 

5-079 

4-572 

49 ® 


4-813 

3-850 


4.616 


4-507 


4.447 

57 “ 

5-180 



4.980 


4.820 


4.991 


71“ 


4.581 

3-910 


4.612 


4-115 


4.30s 

90“ 

5524 

4.492 

4-073 

4.658 

4.210 

4-779 

4-205 

4.987 

4 -24s 

Averages 

5.210 

4-578 

4-083 

4-929 

4.505 

4.829 

4-276 

4.990 

4.360 

Average 

diameter 

3 537 

6-035 

5-949 

3-567 

5.746 

3-552 

6.039 

3-654 

5.942 

in mm 










Number 
of waves 
measured 

48 

29 

32 

29 

42 

18 

22 

95 

125 

Average 








Grand average 

length 


28.5 

21.6 


24.7 


24-5 

for top wave at 

of top wave 








59.4®C was 
23.8 mm 

Average 








Grand average 

length 


28.2 

27.0 


25-9 


28.6 

for bottom 

of bottom 








wave at 59.4“C 

wave 








was 27 

.4 mm 


* This set of gels was prepared by E. I. Silk and R. E. Walker. Measurements given are 
by the author. 
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Another series of experiments was run by the author with gels similarly 
made, but at 59.4^0 (also in Table II). In this case the tubing was Pyrex, 
cut in 24 cm lengths, and had two diameters measured with the Gaertner 
micrometer at each end of each tube. Tubes were filled as before and put at 
different angles in a Freas electric oven. It was found that such a high 
temperature was not very satisfactory, especially for gels made with the 
hydrochloric acid. The averages for 6N HCl, 6N H2SO4, and 6N HNOs 
are given in the last column of Table II. 

In order to more definitely establish the relationship between angle of 
setting and wave lengths of rhythmic splits in silicic acid gels a giant run was 
made using 4 different acids at 5 different angles and at two different tem¬ 
peratures. The acids were 6N HCl, 6N H2SO4, 6N HNOs, and 3N HCl. 
Angles were 0° (horizontal), 37°, 43°, and 90° (vertical). Temperatures 
were 37.8®C ± i°C and 27.8— 3i.8®C. The latter was room temperature 
as recorded by a maximum-minimum thermomemeter placed near the gels. 
From the same batch of tubing 20 were selected. They were 155 cm long 
and all had about the same diameter of 3.6 cm. The exact diameter was ob¬ 
tained from the average length and weight of an approximately 20 cm column 
of mercury, as measured near each end of each five foot length. Each length 
was then cut up into 10 equal pieces of 15 cm each and every other section 
put in one pile. Thus, each five foot length gave two sets of five tubes whose 
average diameter was taken as that of the uncut tubing. In every case one 
of these sets of five was used for a given gel at oven temperature, while the 
other paired set of five tubes was used for room temperature, both sets 
being placed at the same angle. Similarly, other paired sets of five tubes 
each were tried at each of four other angles. 

In making the actual run, the paired sets of tubes were tied together with 
rubber bands, thoroughly cleaned with cleaning mixture, washed with plenty 
of water, and allowed to dry. Each tube was fitted with a short length of 
pure rubber tubing. Thus, for each of 4 gel mixtures there were 5 bundles 
of 10 tubes each, and each bundle was further separated by a rubber band 
into 2 equal bundles of 5 tubes each. A tall, narrow beaker was found, such 
that when the bundles of tubes were placed into it with rubber ends up, the 
top of the beaker came to about the height of the glass tubes. 

The respective gel mixture was then prepared by stirring d. 1.16 water 
glass (Philadelphia Quartz Co. '^E Brand^^) into an equal volume of the acid 
and poured around the tubes contained in the tall beaker. Thus, the tubes 
filled simultaneously and uniformly. Glass rods, previously provided, were 
quickly inserted into the rubber, the bundles removed, inverted, and 
washed with water on the outside, care being taken to have no water enter 
the open ends. Vigorous jolting brought air bubbles to the top and left a 
good meniscus in each tube. Every bundle of five tubes was quickly placed 
at the desired angle in boxes provided for that purpose, and was not further 
touched until removed to make the readings recorded in Table III. 

Experiments carried out at temperatures of about 25®C (Table II), 
37.8®C (Table III), and 59.4^0 (Table II), and at angles ranging from hori- 



RHYTHMIC SPLITTING OP SILICIC ACID GELS 36^3 

zontal to vertical, show that for ordinary temperatures the wave lengths 
of the rhythmic split in a silicic acid gel is nearly the same for all angles of 
setting. But, especially for the larger tubes, the angle of setting is important 
in determining whether the split will be circular along the wall, a straight 
center split, or a rhythmic split. Averages for 3o®C and 37.8°C, for 40 
tubes of 3.580 mm diameter and containing gel made from equal parts of 
d. 1.16 water glass (Philadelphia Quartz Co. Brand”) and either 6N HCl, 
6N H2SO4, 6N HNOs, or 3N HCl, showed the following wave length for each 
angle: at 0° angle 17.02 mm, at 37® angle 16.97 at 43® angle 17.14 mm, 
at 70® angle 17.03 mm, and at 90® angle 17.01 mm. 

Table III 

Influence on Rhythmic Splits of : Angle of Setting, Temperature, and Compo¬ 
sition of Gel (Average 0 = 3.580 mm) 

Averaj?e T./H tor 4 gels Average for all Angles Total Length 

__ for fcspective Gels _ of Splits 





Gel 

L/D 

L/D 

After 5 Days 

Angle 

At 3o°C 

At 37 S'C 

Contains At 30®C 

At 37.8°C 

At 30^*0 

At 37 S'C 

0° 

4-79 

4 72 

6 N HNOs 

4.99 


71 mm 

125 mm 

37 

4.78 

4.70 

6 N HCl 

4.92 

4.72 

117 

133 

43 

4.71 

4 87 

6N H2SO4 

4.62 

4-65 

62 

99 

70 

4.78 

4-74 

3N HCl 

452 

4 -55 

S 4 

84 

90 

4.76 

4-79 






Grand 








Averages 

4.76 

4.76 


4.76 

4-76 

76 

no 


3. The hifliience of Tube Diameter on the Wave Lengths of the Rhythmic 
Splits in Silicic Acid Gels, —Since the accidentally discovered rhyt^hmic splits 
had been produced in a relatively small tube it seemed desirable to see how 
these wave lengths would vary with the diameter of the tube. Preliminary 
results (Table I) showed that the wave lengths of the splits varied directly 
with the tube diameters. This is also readily seen in Fig. i and was qualita¬ 
tively demonstrated by allowing a silicic acid gel to set in tubes drawn into 
cone shapes. 

In order to definitely establish the relationship between the wave length 
of the rhythmic split and the tube diameter, experiments were carried out 
in an electric Freas oven at an average temperature of 37.8®C ± i®C. Two 
runs were made with a total of 51 tubes, ranging in diameter from 0.338 mm 
to 15.516 mm and about 30 cm in length. The four gels were made ^with d. 
1.16 water glass and equal volumes of the respective acid, including 6N 
HCl, 6N H2SO4, 6N HNOs, and 3N HCl. At the density used the“E Brand” 
(Philadelphia Quartz Co.) had a normality of 1.479, using phenolphthalein 
as indicator. According to the manufacturer “E Brand” is specially clari¬ 
fied and has about the composition 29.0% SiOj, 8.9% NaaO, 62.1% HaO, 
and d. 41® Baum6 (1.394 in C. G. S.). 
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In each run tubes were so selected that for each diameter used there would 
be four tubes of nearly the same diameter, and generally cut from the same 
piece of tubing. Each one of these 4 tubes was used for one of the 4 kinds 
of gel, so that each result given in Table IV is an average for the 4 kinds of gel. 
Every tube was measured across two diameters, at each end, using the Gaertner 
micrometer. The diameter given in column i is the average for 4 tubes. 
The capillary tubes, of less than i mm diameter, were made by drawing out 
larger tubing, and their diameters were measured after the gel had split. 
The capillary tubes were broken at each end of the zone containing the waves 



Fig. 2 


to be measured, and averages for the two ends taken as the diameters. All 
these gels were set at a 43® angle to the horizontal, and allowed to remain 
in the oven without further disturbance until final readings were made. 
One set remained for 9 days, the other for 12 days. 

In addition to obtaining the average wave length (L) for each tube of 
diameter D, measurements were made of the distance to which splitting 
had progressed. It will be observed that with the 9 day gels the larger tubes 
still contained some solution at the bottom ends of the splits (column 3), 
while there was no solution visible in the splits of tubes smaller than about 
6 mm diameter. In column 5 is given the average lengths of the first good 
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waves at the top of the gels, while column 6 contains the average lengths of 
waves farther down, at the average distances shown in column 7. It will 
be observed that, except in the larger tubes, there is very little change in 
wave length with depth. This is in contrast with gels run at 59.4^0, where 
the average length of top waves was 23.8 mm, while that for the bottom 

waves was 27.4 mm. In the last column is given average 

tube diameter 

wave length for the 4 gels at each of the 13 average diameters is plotted in 
Fig. 2, where the curve is based solely upon the results recorded in Table IV. 
However, on this same graph has been shown: the average (Table II) for all 
gels at 59.4®C (□) and all angles, the average (Table II) for all gels at 
59.4®C (+) and all angles, the combined average (Table II) for all gels at 
25®C and 2 5®C (A) and at all angles, and the average (Table III) for 200 
tubes at 3o®C or 37.8°C (#) and at all angles between the horizontal and 
vertical positions. 

Table IV 

Average Wave Lengths of Rhythmic Splits in 4 Silicic Acid Gels at 37.8® 





C and 43® 

Angle 



Diameter 
Average 
in mm 

Total Lengths 
of Splits mm 

Time 

Days 

Variation of Wave 
Length With Dis¬ 
tance From Top 

Average 

Length 

Each 

L/D 


Air 

Filled 

Solution 

Filled 


L at 
top 

L at distance 
from top of 

Wave 
(L) mm 

4378 

143-9 

none 

9 

20.7 

20.6 109 mm 

20.70 

4.729 

5-969 

178.7 

4 

9 

28.3 

28.9 122 

28.11 

4.711 

9-314 

185.6 

76.9+ 

9 

43-8 

43-8 147 

46.90 

4.676 

11.967 

169 

92 

9 

55-0 

53-8 89 

53 05 

4-439 

14-97 

147 

136 

9 

62.7 

67.1 113 

65-73 

4-395 

0.507 



12 



2.256 

4.491 

1.416 

148.9 

none 

12 



6.241 

4-396 

3-440 

180.5 

ff 

12 



15-50 

4-521 

4-053 

190.0 

n 

12 



18.26 

4-505 

7-077 

203+ 


12 



33-82 

4-777 

10.195 

181.4 

12 + 

12 



43-84 

4.299 

12.673 

182 

74+ 

12 



51.74 

4.416 

iS-218 

185 

62 + 

12 



61.52 

3-998 


Influence of Temperature on the Wave Lengths of Rhythmic Splits in Silicic 
Add Gels, —Experiments carried out at temperatures of about 25®C, 30®C, 
37.8®C, and S9.4®C, and at angles ranging from horizontal to vertical, show 
that for ordinary temperatures the decrease of wave length with increase of 
temperature will be slight and for most purposes negligible. At 30®C (Table 
III) in 100 tubes of average diameter 3.58 mm the average wave length was 
17.04 mm, while at 37.8®C in 100 paired tubes of exactly the same diameter 
the average wave length of the same gels was 16.99 Based upon the 
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less comprehensive results (Table II) for gels made from 6N HCl and 6N 
HNO3, in different diameter tubes, but figured for tubes of this same diameter, 
wave lengths would be 18.15 at about 25®C and 16.28 mm at 59.4^0. These 
latter results may not be compared with those at 3o°C and 37.8®C because 
they involve only 2 of the 4 gels, but they do show that for a large increase 
of temperature there is an appreciable decrease in wave length of the rhythmic 
split. 

Influence of Tube Wall on Rhythmic Splits in Silicic Acid Gels. —In order to 
study the influence of the tube wall on rhythmic splits, 6 NHC 1 — d. 1.16 
water glass was used. All tubes were cleaned with chromic acid cleaning 
mixture and thoroughly washed. Some were then allowed to dry in air, 
while others were dried with alcohol and ether. One of the latter tubes was 
wet inside with Nujol (a heavy, pure, paraffin oil), another with a dilute 
solution (about 0.01%) of abietic acid in ether, and another tube was left 
in the dry condition. These 5 foot tubes, nearly 5 mm in diameter, were 
then filled with the gel mixture and allowed to lie in the horizontal position 
for several weeks. It was found that all the tubes gave similar rhythmic 
splits, except that in the tube wet with Nujol splitting was very greatly de¬ 
layed, perhaps due to slower evaporation, and was not very regular. These 
experiments showed that for good, rhythmic splits it is essential that the gel 
adheres well to the walls, but that otherwise there is probably no connection 
between the composition of the walls and the formation of rhythmic splits. 
This is also borne out by the fact that tubes of Pyrex and of other softer 
glasses seem to give rhythmic splits equally well. 

Rate of Formation of Rhythmic Splits in Silicic Acid Gels, —Using a micro¬ 
scope with polarizing condenser and micrometer eyepiece I watched and, 
with a stopwatch, timed the splitting in a 3N H("l — d. 1.16 water glass gel. 
The tube was of Pyrex, of about 4 mm diameter, at 28°C, and the splitting 
was occurring 38 mm from the end of the tube. The rate was 0.0148 mm per 
minute, 0.888 mm per hour, or 21.31 mm per day. After heating to about 
55®C the rate of splitting increased to 0.0789 mm per minute, or 113.6 mm 
per day. At the higher temperature a preliminary, solution filled split, 
preceded the air filled crack, while at the lower temperature splitting and 
drying were apparently taking place at the same rate. 

At 3o®C (Table III) in tubes of 3.58 mm diameter, during 5 days, gels 
made from d. 1.16 water glass and equal volumes of the following acids split 
to the distance shown below; 

6N HCl 116.6 mm, 6 N HNO3 70.7 mm, 6N H2SO4 61.5 mm, 3N HCl 
53.8 mm. 

The corresponding distances for 37.8®C were: 

6N HCl 133.3 mm, 6N HNOa 124.9 mm, 6N H2SO4 98.5 mm, 3N HCl 
83.6 mm. These results not only show that the rate of splitting increases 
with temperature, but also that it varies greatly with the acid used in making 
the gel. 

Also at 37.8®C and with the same 4 gels but in tubes of different diameters 
(Table IV) it was found that gels split faster in large than in small tubes, 
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due principally to the fact that in tubes of more than about 6 mm diameter 
the air filled split is preceded by a solution filled split, whereas in the smaller 
tubes splitting and evaporation seem to be occurring at the same rate. At 
room temperature a 6N HCl — d. 1.16 water glass gel in tubes of 7.718 mm 
and 12.330 mm diameter, in horizontal position, split 150 cm, the entire 
length of the tubes, in less than i day, while in smaller tubes of 4.2 mm 
diameter it split from 18 to 32 cm in 25 days. 

Laboratory Directions for Demonstration of Rhythmic Splitting in Silicic 
Add Gels. —Use about 20 cm lengths of ordinary glass tubing such as used 
for connections. Clean, dry, and nearly fill them with a gel mixture made 
by stirring 6N HjSOi into an equal volume of d. 1.16 water glass. After 
filling, close each tube at one end with a rubber tube and glass rod. Jar the 
tube until any air bubbles come to the top, leaving a good meniscus. Put 
away open and at about a 45® angle. Observe over a period of 2 weeks. 

Results for Gelatin Gels. —Short lengths of ordinary glass tubes were filled* 
with s%, io*%, 15%, and 20% gelatin, and the tubes allowed to remain for 
about 2 months in an electric refrigerator, at an angle of about 14® to the 
horizontal position. All the tubes were open, and part of them were in a 
dessicator over P2O5 which was renewed at the end of 2 weeks. In the latter 
tubes there was some tendency for the formation of rhythmic splits, but it 
was very slow and not at all satisfactory. 

Theoretical Explanation of Rhythmic Splitting in Silidc Add Gels. —For 
a true sine curve L, = 27rr, 

where L, is the wave length, and r is the radius of curvature. For the case of 
rhythmic splits in cylindrical tubes, r would be the radius of the tube. Hence, 
for a true sine wave split we would have 

L, = 2irr = jrD = 3.1416 D = C, 

where D is the diameter of the tube, and C is its inside circumference 

Experimentally, for good rhythmic sphts in tubes of 3.58 mm diameter, 
for the 4 gels studied, and at 37.8®C (Table IV) 

Lo = 4.76 D, 

where Lo is the observed length of a rhythmic spht, and D is the diameter 
of the tube. Therefore, it follows that 


L. 

D 


_ 4-76 
D 3.142 


= 1.514. 


Thus, at ordinary temperatures the observed wave length of the rhythmic 
split in the usual silicic acid gel is about 1.5 times that of a true sine curve. 
For large tubes this value becomes about 1.4. Its exact value will vary with 
the composition of the gel and to some extent will depend upon the tempera¬ 
ture. This stretching out of the waves is due to the effect of the longitudinal 
pull superimposed upon that from each of the two walls adjacent and opposite 
to the split. 


* By Qusb HsU and W. H. Carr. 
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In Fig. 3 I have made a scale drawing, of a 6N H2SO4 — d. 1.16 water 
glass gel, which had been in a Pyrex tube of 11.93 nim diameter, at a 43® 
angle and at 37.8® C for 9 days. It is evident that B is the high point of 
the gel, and, therefore, the place which would first dry and crack. The 
split went directly beneath the meniscus toward E and along the tube wall 
toward H. As syneresis, accompanied by contraction progresses, it is evident 
that the gel would be pulled away from the wall BH. Consider the split at 
any point C, nearer to wall BH than to EF. It is apparent that the pull at C 
will be very nearly proportional to the area of the triangle ECF, where CF 



is tangent to the curve of splitting at C. On the opposite side of the split, 
at I, the pull will be due to gel at the right of a line tangent to the curve at I. 
Next, consider the split when it has reached D. The pull toward the left will 
now be proportional to the area of the triangle EDG, which is relatively small, 
while the pull of the contracting gel on the opposite side of D will be relatively 
large. Thus, the triangle on the left gets smaller until the split has reached 
the point K, nearest the wall. After passing K the conditions will be similar 
to those at C, except that the pull toward the left will be toward wall HL, 
and will, after passing K, be at once relatively large, becoming less and less 
until the split has reached the opposite wall. Thus, the split progresses wave 
after wave. 

When, during syneresis, a gel splits away from the wall (Fig. 3, left) it is 
simply because the split starts symmetrically at the top edge of the meniscus, 
due to the symmetrical cup shape of the latter, resulting in the top edge dry¬ 
ing first. As the gel contracts the pull at the split is uniformly down and in- 
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ward, so that there are no opposing forces to cause rh3rthmic splitting. With a 
6N HCl — d. 1.16 water glass gel I have shown, by a series of experiments in 
test tubes, that this is a normal split for such a gel in a vertical tube of reason¬ 
ably wide diameter. However, rh3rthmic splitting resulted whenever the gel 
meniscus was pricked with a needle or sharp blade. These holes were made 
about two hours after the gel mixture had been made. Theoretically, it 
should be possible to artificially make a hole or split in the exact center of the 
meniscus in such a way that the split would go down the center of the gel, 
but it is rather difficult to artificially make such a split. 

However, center splits are fairly common in silicic acid gels. They result 
whenever the split at the surface begins in the exact center of the tube. As 
syneresis proceeds, with its resulting contraction, the forces acting toward 
opposite walls will be equal, and the split will go straight down the tube. 
Occasionally a center split will go lo to 20 cm, but usually it is not so long, 
because the split is generally closer to one side than to the other, gradually 
producing more and more pronounced waves due to the play of rh3rthmically 
balanced forces. 

Irregularities in rhythmic splits may be caused by foreign particles, such 
as pieces of solid matter and especially by bubbles of gas. Cross striations, 
sometimes observed in the splitting of silicic acid gels, seem to be due to 
temperature changes. They break the smooth surface of the wave into little 
steps, reminding one of ripples on a water surface. 

Reasons why Rhythmic Splitting has escaped General Notice ,—It may at 
first seem remarkable that rhythmic splitting has previously escaped general 
notice, but this is easily understood when one recalls the conditions for good 
rhythmic splits, which are as follows. 

1. Tubes of gel should be allowed to set at some other than the usual 
vertical position. 

2. Tubes should be left open, whereas they are generally closed. 

3. Narrow tubes give better results than larger ones, whereas gels are 
generally allowed to set in test tubes or bottles. 

4. Rhythmic splitting in small tubes requires that the gel stand for some 
time. 

5. It would not be observed when the gels are covered with a water 
solution, as is done for diffusion experiments. 

Summary ,—Silicic acid gel will split rhythmically whenever setting and 
syneresis is accompanied by sufficient contraction to cause any splitting, and 
providing the initial splitting occurs along some line not coinciding with the 
inside circumference of the tube or one of its diameters. Rhythmic splitting 
is general whenever the gel is allowed to set in other than the vertical position, 
because the split starts at the top off center due to the lack of symmetry of 
the meniscus. Even with a circular meniscus rhythmic splitting will result 
if an off center crack be started with a sharp point or blade, or if the tube be 
of small diameter. 
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As the result of the accurate measurements of about 2000 wave lengths 
of rhythmic splits in over 400 tubes of known diameters, it has been foimd 
that for the particular gels studied 

Lo = about 4.76 D, 

where Lo is the observed wave length of the rhythmic split and D is the 
diameter of the tube. Since, for a true sine wave curve 

L = 3.1416 D, 

it turns out that the observed wave length of a rhythmic split is about 1.5 
times that of a true sine curve. 

Experiments carried out at temperatures of about 25®C, 3o®C, 37.8® C, 
and S9-4“t^« at angles ranging from horizontal to vertical, show that for 
ordinary temperatures the decrease of wave length with increase of tempera¬ 
ture is slight and for most purposes negligible, while the rate of splitting in¬ 
creases with temperature and is especially rapid for the tubes of larger diam¬ 
eters. The wave length is nearly the same for all angles of setting, but, es¬ 
pecially for the larger tubes, the angle of setting is important in determining 
whether the split will be circular along the wall, a straight center split, or a 
rhythmic split. 

The rhythmic splits were obtained with gels made by mixing equal parts 
of d. 1.16 water glass and one of the following acids: 12 N HCl, 12 N H2SO4, 
12 N HAc, 6 N HCl, 6N H2SO4, 6N HNO,, 6N HAc, 3N HCl, 3N H2SO4, 
3N HNOs, and 3 N citric acid, fubes ranged in diameter from 0.338 mm to 
15.516 mm and up to 155 mm in length. Between 3o°C and 37.8®C the 
order of decreasing wave lengths of the rhythmic splits in tubes of 3.58 mm 
diameter is 6N HNO3 (5.045) > 6N HCl (4.821) > 6N H2S()4 (4.631) > 


3N HCl (4.567). The values in parentheses are for 


wave length ^ 
diameter of tubes 


averages at these 2 temperatures at all angles between the horizontal and 
vertical position. 

A photograph of rhythmic sfllits is shown. A drawing of a meniscus 
and split makes it possible to explain the rhythmic play of forces at work 
during the gel contraction, and responsible for the continuously changing 
direction of splitting, resulting in the rhythmic waves. 


Chemistry Deparlmenty 
West Virginia University^ 
Morgantoxmy W. Va, 

July SO, 1931. 



STUDIES ON HYDRAZINE: THE PHOTO-CHEMICAL OXIDATION 
OF HYDRAZINE BY FERRICYANIDE* 

BY E. C. GILBERT 

The velocity of the oxidation of hydrazine by ferricyanide has been 
previbusly studied.^ In alkaline solution the reaction proceeds very rapidly 
but in the presence of acid it runs with measurable velocity. Stoichiometri- 
cally the reaction is 

N*H6+ + 4Fe(CN)r— + 5 OH" -)• Nj + 4 Fe(CN)*- + 5 H *0 

Kinetically, however, in the presence of a i M buffer solution the reaction is 
of first order with respect to each reactant, i.e., 

dx/dt = K'Conc. n,h,+ 'Cone. Fe(CN),-"Cone. oh~ 

where “x” = mols of nitrogen formed in time “t”. Certain difficulties en¬ 
countered in the previous work indicated that the reaction was sensitive to 
light and the present investigation bears this out, the velocity being consider¬ 
ably increased by visible light. 

Experimental 

Materials .—Hydrazine sulfate and hydrazine monoperchlorate were re- 
crystallized and their purity checked by the iodate method.* Potassium 
ferricyanide was recrystallized from conductivity water. Baker’s “C.P.” 
disodium phosphate was used to buffer the solutions slightly. 

Apparatus .—The velocity of the reaction was followed by measuring the 
volume of nitrogen evolved. A test tube 5 cm. in diameter was provided with 
a stirrer operating through a mercury seal, an inlet tube for reagents, and an 
outlet tube for nitrogen, the latter being collected over mercury in a graduated 
10 cc. gas pipette with leveling tube. The apparatus was placed in a con¬ 
stant temperature bath provided with a plate glass window. The temperature 
was maintained at 25° ± 0.05. 

Procedure .—When studying the dark reaction the laboratory was darkened 
and the reaction test tube surrounded by a black bottle. When studying the 
light reaction two 200 watt nitrogen-filled Mazda lamps were placed outside 
the bath at a distance of fifteen cm. from the reaction vessel, the light passing 
through the plate glass window. The reagents were brought to the tempera¬ 
ture of the bath and forty cc. of ferricyanide, twenty cc. of 0.2 M disodium 
phosphate, and forty cc. of hydrazine sulfate introduced into the test tube in 
the order named, and the stirrer started. Some nitrogen is lost by this method 
of introducing the reagents and the results are therefore to be considered 

* Contribution from the Department of Chemistry, Oregon State College. 

‘ Gilbert: Z. physik. Chem., 142A, 139 (1929). 

’ Bray and Cuy: J. Am. Chem. Soc., 4tf, 858 (1924). 
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qualitative in nature. By adjusting the leveling tube more or less continuously 
the pressure was maintained close to atmospheric and no difficulty was ex¬ 
perienced with the mercury seal. The volume could not be adjusted more 
accurately than 0.05 cc. so no correction was made for changes in barometric 
pressure. The rate of stirring was constant throughout at about 250 r.p.m. 
and the volume of reagents and position of lamps was the same in all runs. 

Results 

Three series of runs were made, duplicates being easily obtained with the 
exception of the case when hydrazine was present in double proportion in the 



Velocity of Oxidation of Hydrazine by Ferricyanide, at 25°. 

Cui-'e I. reaction; Hydrazine and ferricyanide in stoichiometric proportions, 1:4 

Curve 2. Light reaction; Hydrazine and ferricyanide 114. 

Curve 3. Dark reaction; Circles, ferricyanide doubled; Crosses, hydrazine doubled. 

Curve 4, Light reaction; Hydrazine doubled. 

Curve 5. Light reaction; Ferricyanide doubled. 

light. These were more erratic and it is thought that there may have been 
some oxidation of hydrazine by oxygen in the reagents. The results are 
shown in Fig. i. 

In the first series stoichiometric proportions of hydrazine and ferricyanide 
were used, i.e., forty cc. of o.oi M hydrazine sulfate and forty cc. of 0.04 M 
potassium ferricyanide, together with twenty cc. of 0.2 M disodium phos¬ 
phate. It should be noted that the hydrazine sulfate dissociates completely 
in solution giving one equivalent of free per mol, thus resulting in this case 
in the addition of the equivalent of forty cc. of o.oi N acid. For each mol of 
hydrazine oxidized, five mols of hydroxyl ions are used up so the reaction 
slows down very ra pidly. In the previous work^ a very concentrated buffer 
* Gilbert: loc. cit. 
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Experimental Data 

Velocity of Oxidation of Hydrazine by Ferricyanide 
Series I 

40 cc. o.oi M N2H6+; 40 cc. 0.04 M Fe(CN )6 ; 20 cc. 0.2 M NaiHPO^ 


Time 

Dark Reaction, Curve i 

Time 

T^ight Reaction, Curve 2 

in minutes 

Cc’s N2 evolved 

in minutes 

Cc’s Na evolved 

3 

0 

00 

0 

3 

0.90 

5 

i-SS 

7 

1.90 

9 

2.50 

II 

2.50 

13 

3.10 

16 

3.80 

17 

3-85 

21 

4.5s 

21 

4.20 

26 

4.90 

25 

4.50 

31 

5.20 

29 

4.85 

36 

S-So 

Series II 

40 cc. O.OI M N2Hs+; 40 cc. 0.08 M Fe(CN)6 ; 

20 cc. 0.2 M Na2HP04 

Time 

Dark Reaction, Curve 3 

Time 

Light Reaction, Curve 5 

in minutes 

Cc's. N2 evolved 

in minutes 

Cc’s N2 evolved 

3 

1.10 

3 

1.40 

6 

2.25 

6 

2.70 

8 

2.90 

II 

4.00 

IS 

4.20 

16 

5.00 

23 

5-10 

22 

5-70 

31 

5-75 

30 

6.30 

37 

6.10 

38 

6.70 

Series III 

40 cc. 0.02 M N2H6+; 40 cc. 0.04 M Fe(CN )6 ;: 

20 Qc, 0.2 M Na2HP04 

Time 

Dark Reaction, Curve 3 

Time 

Light Reaction, Curve 4 
Cc’s N2 evolved 

in minutes 

Cc’s Na evolved 

in minutes 

3 

105 

3 

1.10 

6 

2.05 

7 

2.80 

9 

M 

0 

II 

3-95 

14 

4.10 

16 

4.70 

21 

5-00 

21 

5-40 

28 

5-6o 

26 

5.80 

32 

5.90 

33 

6.20 

solution was used to minimize this loss of hydroxyl 

ion and so simplify the 

kinetics. This was unnecessary in the present work. 

At points on the curves where equal amounts of nitrogen have been 


evolved the hydroxyl ion concentration is also the same. A calculation of the 
bimolecular velocity constant at the time when four cc. of nitrogen have been 
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evolved gives for the dark reaction k=2.15 and for the light reaction k=2.34, 
concentration being expressed in mols per liter. Tliis corresponds to about a 
ten percent increase for this weak illumination. 

In the second series the concentration of ferricyanide was doubled. 
(Hydrazine o.oi M; ferricyanide, 0.08 M). The acceleration due to radiation 
was considerably greater. This would indicate that the effective radiation is 
that absorbed by the ferricyanide ion which begins to absorb strongly in the 
neighborhood of 4550 A. In the third series the concentration of hydrazine 
was doubled. (Hydrazine 0.02 M; ferricyanide, 0.04 M). This was done 
without altering the acidity by using the neutral monoperchlorate as the 
source of one half of the hydrazine. It will be noted that the curve for the 
dark reaction with double hydrazine is identical with that for double ferri¬ 
cyanide in agreement with the previous work.' The acceleration due to light 
is, however, less than that for double ferricyanide corroborating the assump¬ 
tion that the effective radiation is that absorbed by the ferricyanide. This 
does not preclude the possibility that radiation in the ultra Adolet will also 
prove effective. 

It is hoped at a later date to make a quantitative study of the reaction. 

Summary 

The oxidation of hydrazine by ferricyanide is accelerated by visible 
radiation. 

The effective radiation is apparently that absorbed by the ferricyanide. 

The increase in velocity is of the order of ten percent with relatively weak 
illumination. 

CorvaUiSf OregoUy 

July 27, mu 


‘ Gilbert: loc. cit. 



QUANTITATIVE ANALYSIS OF ALLOYS BY X-RAY 
SPECTROSCOPY 


BY C. E. EDDY AND T. H. DABY 

In a recent paper Terrey and Barrett* have given an account of quanti¬ 
tative analysis carried out by the method of X-ray emission spectra. It is 
our experience that correct analyses can be made with this method provided 
certain conditions are fulfilled, and we wish therefore to offer some comments 
regarding their experiments as we think that their conclusions may prejudice 
the X-ray emission method of quantitative analysis. 

The X-ray tube .—The target of their X-ray tube was inadequately cooled 
owing to the high thermal resistance of the path between the focal spot and 
the cooling water. This resulted in the vaporisation of zinc from a brass 
target and no doubt was the source of many of their difficulties, including 
the change in atomic concentration of their target. The overheating of the 
target would further contribute to the very long exposures they found neces¬ 
sary. With a path of low thermal resistance, alloy taints with melting points 
as low as i6o®C. have been used without volatilisation even with tube ener¬ 
gies of one kilowatt.^ Amalgams can be used in hot-filament type X-ray 
tubes if the cooling system is properly designed.^ It is true that substances 
volatile at room temperatures and non-metallic substances (i.e., substances 
with low thermal conductivities) have so far proved difficult or impossible 
to use as the target of an X-ray tube, but no difficulty should be experienced 
with alloys of high melting point. 

The measurement of exposures .—In quantitative analysis it is necessary 
to measure the exposures (which are proportional to (voltage)" X tube 
current X exposure time) with the accuracy desired in the anal3rsis. In 
practice the voltage should be kept constant throughout, and it is preferable 
to keep the current constant in order to avoid the serious difficulties of meas¬ 
uring the average value of a varying current. The authors used an induction 
coil to excite their X-ray tube. Of high tension generators the induction 
coil is the least suitable for quantitative X-ray work both on account of the 
wave-form of the potential which it generates and of its irregularity of oper¬ 
ation. The applied voltage was measured with a spark gap, which has the 
the defect that it only indicates when the voltage exceeds the value fixed by 
the length of the gap, and the mean R.M.S. value for the whole exposure 
cannot be inferred with certainty. An electrostatic kilovoltmeter is much 
tojbe preferred to a spark gap as it gives a continuous record of the R.M.S. 
value throughout the exposure. With the poor regulation given by an induc- 

* Terrey and Barrett: J. Phya Chem., 35 ,1156 (1931). 

‘Eddy and Laby: Froc. Roy. Soe., 127 , 32 (1930); (afterwards referred to as I). 

’Eddy and Turner: Proc. Boy. Soc., Ill, 119 (1926). 
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tion coil, changes in the tube current due to the evolution of gas from a hot 
target would be accompanied by large changes in the applied voltage, and the 
condition of constant voltage could not be maintained. 

The photographic method of measuring line intensities. —Terrey and Barrett 
state that ^‘all photographic methods used in the determination of the 
intensities of X-ray spectral lines are, on account of the shape of the blackening 
curve, liable to introduce error.’’ It should be pointed out that this statement 
ignores the development in recent years of an accurate technique for the 
photographic measurement of spectral line intensities. It is possibly of value 
to recall the history of this. With the development of quantum theories, 
intensity relationships in optical spectra became predictable, and photo¬ 
graphic methods of measurement were developed to confirm these predictions. 
The Physical Laboratory of the University of Utrecht has made notable 
contributions^ to this subject and the results obtained are accepted univer¬ 
sally and are in agreement with theory. The photographic action of X-rays 
was investigated here in 1919^ and photographic methods have been applied 
in this and other laboratories'* to the measurement of X-ray line intensities; 
the method yields results reproducible to about 1% and in agreement with 
those obtained by both the ionisation and counting methods and with theory.** 
There can be no doubt now as to the accuracy and convenience of the photo¬ 
graphic method, in which the shape of the blackening curve can be readily 
determined. 

Terrey and Barrett found by the wedge method, which they used in 
many of their experiments, that the ratio of the intensity of the K a\ line 
to that of the N a2 line had a value of one or less. It is well known that the 
value of this ratio is 2 for the doublets they measured. It is evident that the 
intensities they obtained using the wedge method are unreliable and to an 
extent which vitiates their conclusions based on this method of measurement. 
The accuracy of the measurements made with the ionisation chamber cannot 
be checked in this way, as the and ai lines were not measured separately. 

A possible explanation of the incorrect values which they found for the 
intensities of the lines is that the spectrometer crystal was not rocked uni¬ 
formly and symmetrically in a wide sweep about the mean position of the 
two lines whose intensities were to be compared. If this essential condition 
is not satisfied, serious errors will occur in the measurement of the ratio.^ 

The effect of absorption. —Terrey and Barrett in their treatment of the 
effect of absorption of radiation in the target state: “This absorption effect 
will occur whenever there are present on the anticathode two elements such 
that the characteristic radiation of one falls within the absorption region of 
the other.” “From these figures (see p. 1158) it is seen that the K line 
of silver falls within the absorption region of copper.” “Copper and silver 

1 See Dorgelo: Physik. Z., 26, 756 (1925). 

* Miss Allen and Laby: Proc. Roy. ^c. Viet., 31,4 21 (1919); Glocker and Traube: 
Physik. Z., 22, 345 (1921); Bouwers: Z. Physik, 14, 374 (1923); Dissertation, Utrecht (1924). 

* Rogers: I^oc. Phys. Soc., 43, 59 (1931); Webster: 41, i8i (1929); I, p. 26. 

^ See the papers of Duane and co-workers, Siegbahn and co-workers, AUison and Arm¬ 
strong, H. C. Webster, and others; or Si^b^n: “Spectroscopy of X-rays,“ p. 97. 

*1, p. 31. 
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therefore afford a very good example of this absorption effect/^ the 
case of the copper-zinc alloys no absorption of the K a2*i line of zinc occurs/^ 

As will be seen from the table of absorption coefficients given below, the 
last of these statements is incorrect and the first three are inexact in their 
quantitative implications.' To illustrate the effect of absorption, the authors 
take a silver-copper alloy as a ‘Very good example’' of a target for which the 
K lines of silver would be absorbed in the copper, and they take brass as an 
example in which there is “no absorption” of the zinc Ka doublet. Actually 
the zinc lines would be more strongly absorbed than the silver lines. Although 
the absorbed silver radiation would give rise to fluorescent copper radiation, 
the effect of this would be more than offset by the very great absorption of 
the copper rays in silver. 

It is true that the effect of absorption in the target material is all-impor¬ 
tant in quantitative analysis by X-ray spectroscopy, and this has been inves¬ 
tigated and discussed by several workers. ^ 


Radiation 

Wave length 

Absorber 

Absorption coeflScient 

Silver K a 

o.s A 

Copper 

27 gm“* cm® 

Zinc K a 

1.4 A 

Copper 

43 gm-® cm® 

(Copper a 

i.s A 

Silver 

160 gm-‘ cm® 


The abrupt discontinuity in Graph i shown by Terrey and Barrett cannot 
be explained by “assuming that the number of copper atoms present are in¬ 
sufficient to absorb the optimum quantity of emitted silver radiation” as the 
absorption is proportional to the number of copper atoms present. 

Theoretical discussion. The fourth equation on p. 1157 and the second 
on page 1158 of the theoretical discussion are incorrect (probably as a result of 
printers’ errors), but it is not clear why a value of 4.35 should be substituted 
for the constant K to obtain the results given in the last column of Table IV. 
From these results it would appear that the authors obtained values from the 
photographic method in closer agreement with those of chemical analysis 
than from the ionisation method. 


There seems to be no reason why the expression 


Ii 

h 


ex 


c, 

c* 


for elements of 


I V' 

nearly equal atomic number should become oc —~i-—for elements of widely 

I 2 + L/2 

different atomic number. 

Results of 'previous workers. Several workers® have shown that, with 
alloys of elements of nearly equal atomic number, the quantity of an element 
can be determined from a direct comparison of line intensities. Recently^ we 
have investigated a number of alloys of elements of nearly equal atomic num¬ 
ber, with widely var3ing concentrations, and the results obtained by X-ray and 
other methods are given below. 

1 For a treatment of X-ray absorption see Siegbahn: “Spectroscopy of X-rays,” p. 6, 
or Compton: “X-rays and Electrons, p. 6. 

*Hevesy, Bobm, and Faessler: Z. Physik, <S3, 74 (1Q30); Glocker and Schrieber: Ann. 
Physik, 85 , 1089 (1928); Schrieber: Z. Physik, 58 , 619 (1929). 

^ See I, p. 24. 

' I, o. 35. 
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Alloy 
Cu in Zn 


Cu in Zn 


Cu in Zn 


Sn in Cd 


Pb in Bi 


Zn in ZnCuSn 


X-ray analyeia 

Mean 


73 “ ' 
73-17 I 
73 -IS I 

73 -20 ^ 


73-16 


\ 

I .II 
I . 10 
I. 14 


I 13 


o. 114 
0.113 
o. 124 
o. 116 

y 


o. 117 


71.1 ' 

71.2 ( 

70.9 I 

71-3 J 7I-I 


60. T 


60.6 
60. I 
60.1 


60.2 


12 . I 
12.1 ^ 

12.2 

12.2 12.2 
/ 


Chemical analysis 
or synthesis 


73.00 % Cu. 


1.12% Cu. 


0.112% Cu. 


70.8% Sn. 


60.45%, Pb. 


12.21% Zn. 


It will be seen that the agreement is particularly good when it is remembered 
that the discrepancies include the errors arising in the photographic measure¬ 
ments of intensity as well as in the determination of the amount of the element 
by chemical methods or by synthesis. 

Methods of quantitative analysis have also been developed for mixtures of 
elements of widely different atomic number. Coster, Hevesy, Nishina and 
others^ have carried out determinations of the hafnium content of a large num¬ 
ber of zirconium minerals, and we have analysed a number of lead-zinc alloys 
with a lead content varying from o.i to 0.005%.^ 

Natural Philosophy LahoraJtory^ 

University of Melbourne, 

August 16, 1931, 


1 Coster and Nishina: Chem. News, 30 , 149 (1925); Hevesy: “Recherches sur les pro- 
pri6t^ du Hafnium.” 

* 1 , P. 39 * 



THE THEORY OF GASEOUS EXPLOSIONS AND THE OXIDATION 
OF HYDROGEN SULPHIDE 


BY H. W. THOMPSON 

H. A. Taylor and E. M. Livingston have recently described in this Journal 
an investigation upon the oxidation of hydrogen sulphide, in which their 
observations are discussed with special reference to the theory of reaction 
chains and of gaseous explosions as developed by Semenov. Since a rather 
serious theoretical error has been introduced into this and another paper by 
H. A. Taylor and his collaborators,^ and one regarding which there would 
appear to be some misunderstanding in the current literature, it seems 
desirable to point out the necessary correction. Further, although much of the 
interpretation of their results in the oxidation of hydrogen sulphide suggested 
by Taylor and Livingston is thereby invalidated, it seems possible with the 
emendation mentioned and in the light of other facts to understand their 
results in a much more satisfactory way. 

The theory of the process of combustion was recently studied mathemati¬ 
cally by Semenov.^ Briefly, two kinds of gaseous explosion were differentiated; 
in the one, activation of the molecules in the so-called ^^classical Arrhenius’^ 
manner led to the production of so much heat energy that conduction of the 
latter to the surroundings via the vessel walls became inadequate to prevent 
inflammation; in the second, the products of an elementary process caused, 
by virtue of their excess energy or chemical character, the establishment of 
branching reaction chains and in consequence an extremely rapid complete 
combustion ensued—a condition synonymous with explosion. These two 
types were respectively referred to as ‘^thermal” and “chain” explosions. 

The conditions determining the production of branched chains and in 
particular the manner in which a, the probability that one elementary process 
shall induce another subsequent one, varies with pressure, were examined 
fully by Semenov, and the theory has since been well-established by the dis¬ 
covery of such chain explosions in which small changes of pressure of the 
reacting gases cause abrupt alterations in the velocity of chemical change.^ 
The details of these phenomena and the difficulties at present existing in their 
interpretation may be found elsewhere.® 

^ Taylor and Livingston: J. Phys, Chem., 2676 (1931). 

* Taylor and Riblett: J. Phys. Chem., 2667 (1931). 

* SemSnov: Z. Physik, 48 , 571 (1928). 

* Semenov: Z. Physik, 46 109 (1927); Z. physik. Chem., Bl, 192 (1928); Thompson and 
Hinshelwood: Proc. Roy, Soc. IIPA, 591 (1929); 124 A, 219 (1930); Kopp, Kowalsky, 
Sagulin and Sem^ov: Z. physik. Chem., B6, 307 (1930); Thompson: Z. physik. Chem., 
BIO, 273 (1930). 

* Hinshelwood and Oarstang: Proc. Roy. Soc., 130 A, 640 (1931); Alyea: J. Am. Chem. 
Soc., 53 , 1324 (1931): Kowalsky: Z. physik. Chem., Bll, 56 (1930)* 
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For the “thermal” explosions the essential result of Semenovas treatment 
was that there exists a critical pressure for any temperature and for a given 
composition of the reacting gas-mixture, below which ignition will not occur; 
and the relation between this minimum pressure p and the absolute tempera¬ 
ture T is 

logp/T = A/T + B (i) 

It is unnecessary to repeat the derivation of this relationship as described 
by Semenov. Two quantities A and B are introduced into it as constants. 
In reality A is closely related to the heat of activation of the process (which 
as already stated is treated in the “classical Arrhenius” way). In fact 
E = 9.9A and B depends upon the composition of the mixture, upon the vessel 
dimensions and its nature, and upon the presence of inert gases. An exami¬ 
nation of the validity of relation (1) for any explosive mixture should ac¬ 
cordingly as a first approximation serve to indicate whether a “thermal” 
explosion is involved or not, although it has already been shown that other 
evidence is also necessary. 

Sagulin,® in Semenov’s laboratory has tested the theory by examination of 
the critical explosion pressures of many mixtures in this way, employing the 
above equation and in each case plotting log p/T as a function of j/T. He 
estimated the value of the (piantity A—being the slope of his plots—for each 
explosive mixture and in discussing its connection with the several energies of 
activation measured by different means, he indicated the degree to which 
these processes could be regarded as chain or thermal explosions, respectively. 

Taylor and Livingston have apparently misunderstood the essential 
result of Semenov’s theory and employ the relation 

log p = A/T + B (2) 

instead of that already given. They plot log p as a function of i/T and thus 
evaluate A, for the purpose of discovering its connection with the estimated 
heat of activation of the process. 

This procedure is clearly in error. But the authors’ mistake may originate 
in a form of approximation used by Semenov himself in at least two other 
publications.^ In each of these Semenov refers to the good agreement with 
equation (2) discovered by Sagulin (loc. cit.). This repeated error was origi¬ 
nally thought to be sufficiently casual as not to require especial mention, 
but as its consequences appear to be misleading it may be pointed out now. 
It should be observed that the linearity of any log p/i/T plot is hardly dis¬ 
turbed by its conversion into a log p/T/i/T plot; the considerable numerical 
error in A remains, however, and in any subsequent calculation involving A 
may become magnified. 

Converting the diagram (Fig. i) given by Taylor and Livingston to 
represent the relation between log p and i/T in different vessels and with 
different percentage mixtures, so as to exhibit log p/T as a function of i/T, 
the following diagram is obtained. 

« Sagulin: Z. physik. Chem., Bl, 275 (1928). 

^ Semenov: Chem. Reviews, 4 , 347 (1929); Z. physik. Chem., B2, 161 (1929). 
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In this figure only five of the six series given by Taylor and Livingston are 
used since plot 3 on their diagram (3%) shows only one point on the line 
drawn. 

The mean value of A read off from the amended figure is approximately 
2050. B varies of course for the different mixtures as in the original diagram 
of Taylor and Livingston. 

Assuming that the entirely satisfactory linearity of the plots of log p/T 
against i/T indicates the occurrence of a “thermal” explosion, the heat of 
activation of the principal process would according to theory be 9.9 X 2050 i.e. 
approximately 20300 cals. This value is much lower than that suggested by 



Taylor and Livingston on the basis of their data, and they would accordingly 
again conclude that the explosion could not be thermal. 

Whilst agreeing with the essential result, that the reaction between hydrogen 
sulphide and oxygen is a chain reaction of some kind, many serious objections 
can be raised to the line of reasoning and arguments used by Taylor and 
Livingston. Some of these are summarized critically below. 

This reaction has been studied very recently in two other laboratories 
independently. Thompson and Kelland* on the one hand have shown that in 
glass vessels below about 22o®C the process is primarily not the same as that 
which proceeds above this temperature. At the lower temperatures, surface 
effects and subsidiary reactions come into play, but at the higher temperatures 
up to those of ignition a chain reaction is most important, the chains being 
shortened by decrease in the vessel size. Their propagation is favoured by 
excess of oxygen in the mixture and made more difficult by an increase in the 
hydrogen sulphide concentration. On account of the latter fact the “total 
order” of the reaction appears low. These observers also noted and to some 
extent examined the induction period which preceded the reaction. The 

'Thompson and Kelland: J. Cbem. Soc., 1931 , 1809. 
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pressure decrease accompan3ring the complete interaction was somewhat 
greater than would correspond to the equation 

2H2S + 3O2 = 2H2O + 2SO2 

An estimate of the degree of concordance with the Semenov relationship (i) 
discussed above disclosed a value of 2400 for A in vessels 3.2 cm. in diameter. 

The experimental procedure of Taylor and Livingston, and the results 
thereby obtained, agree to a considerable extent with those described by 
Thompson and Kelland. They too noticed an erratic nature of the process 
which was accompanied by deposits of sulphur, and did not proceed strictly 
according to the above equation. Further, the fact that with a high concen¬ 
tration of hydrogen sulphide explosion did not occur until 390®C would in¬ 
dicate an inhibiting effect of this substance. 

Taylor and Livingston however give as principal examples of the measur¬ 
able reaction several series at 200 -2io°C', at which temperatures the induction 
periods are long and irregular, and above all when the reaction is largely a 
surface process. The minimum explosion temperature recorded by them is 
228°C. At this and higher temperatures and higher pressures the gas reaction 
which occurs has a fundamentally different nature from that which proceeds 
at the lower ones mentioned. Accordingly the estimate made by Taylor 
and Livingston of the heat of activation of the process at 200 -2io®C cannot 
be valid for^the process determining the explosion. That their abnormally 
high value of 47,000 cals, be obtained for a low order and partially surface 
reaction is to some extent understandable since the error involved in con¬ 
sidering a 6 mm. pressure change would, by virtue of the variable induction 
periods alone, in general be very great. 

The amended value of the quantity A taken from the results of Taylor 
and Livingston on the explosive reaction is 2050 i.e. a heat of activation of 
approximately 20,300 cals. The value obtained by Thompson and Kelland 
in this way was 9,9 X 2400 = 23,800 cals. Whilst the agreement is not perfect 
these figures are sufficiently close to the value of 18,000 cals, estimated by 
Thompson and Kelland from the temperature coefficient to be interesting. 
The degree of divergence might indeed be taken as an indication of short 
reaction chains. As however has already been affirmed any such coincidence 
of theory and practice is in this case not entirely conclusive. For this reason 
it was pointed out that more precise data are required. 

By virtue of these arguments the contention that a primary dissociation 
of the hydrogen sulphide is a first step in its oxidation is considerably weak¬ 
ened; and indeed the experimental evidence on the effect of ultraviolet light 
upon the system at room temperatures offered by Taylor and Livingston 
would apparently speak against such a mechanism since no oxidation occurred 
despite dissociation of the hydrogen sulphide. The influence of ultraviolet 
light upon the system at temperatures above or about 2oo®C has been studied 
here, and the results promise to assist in the interpretation of the reaction as a 
whole. 
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Farkas’ has simultaneously described experiments in which he confirms 
the retarding effect of narrowing the reaction vessel, the course of theteaction, 
the nature of the induction period, and also indications of the respective in¬ 
fluences of oxygen and hydrogen sulphide described by Thompson and Kel- 
land. Farkas has not studied the rapid measurable reaction which according 
to Thompson and Kelland (and presumably Taylor and Livingston) passes 
continuously into explosion; and he regards the whole process as another case 
of those “limit” phenomena developed by Hinshelwood and by Sem^nov.^ 
In view of the complete study of this measurable process already described 
(Thompson and Kelland loc. cit.), as well as of subsequent experiments, it is 
impossible to accept the conclusion of Farkas in this form. Since according 
to his data the quantity A varies in different vessels, though otherwise rather 
for the sake of analogy, Farkas concludes that the chains probably start upon 
the vessel wall. The validity of this conclusion will however be discussed in 
more detail in a later paper embodying further experiments nearing completion 
in this laboratory, in which the reaction is studied in pyrex and quartz vessels, 
and in which the effect of steam and inhibitors on the reaction has been 
examined. 

Summary 

Attention is drawn to an error in a paper by Taylor and Livingston and its 
bearing upon the mechanism of the combustion of hydrogen sulphide is 
discussed. 

The Old Chemistry Department ^ 

The University Museum^ 

Oxfordy 

September 1931. 

• Farkas: Z. Elektrochemie, 37 , 670 (1931). 



THE CRYSTAL STRUCTURE OF COPPER ELECTRODEPOSITED 
IN THE PRESENCE OF GELATINE 


Introduction 

Electrodeposited metals are usually more microcrystalline when the baths 
from which they are deposited contain colloids. In the case of copper plated 
from an acid bath containing gelatine it has been shown^ that some of the 
gelatine is deposited with the copper. Fig. i shows that such copper is more 

brittle than that obtained from the same 
bath without the addition of gelatine. The 
two kinds of copper shown were plated on 
stainless steel (to which most electro¬ 
deposits adhere poorly) and partly strip¬ 
ped to show the difference in brittleness. 

In view of these differences in physical 
properties one might expect a difference 
in the crystal structure of the deposits. 
Trillat*® examined such samples by means 
of x-rays and found apparent, but not 
conclusive, evidence for a difference in the 
length D, Fig. 2, of the edge of the unit 
crystal lattice for the two kinds of copper. 
This paper describes a new determi¬ 
nation which shows that any difference in the length of the unit lattice for the 
two kinds of copper must be less than 0.01 Angstrom. 



Fio. I 

Left, copper without gelatine. 
Right, copper with gelatine. 


Experimental 

The x-rays were supplied by a Siegbahn-Hadding type of x-ray tube 
having a copper target. A special camera shown in Fig. 3 was constructed, 
in which the x-rays passed through the slits in the ends of the tube A and 
struck the samples B and C nearly at a tangent. These samples were electro¬ 
plated on gold-plated brass tubes so that if any x-rays were diffracted by the 
under metal this fact could be noticed in the picture because the distance D 
of Fig. 2 for gold is much different from that of copper. The samples B and C 
were of the same outside diameter and fitted snugly over the pin D. This 
made the distance from the slit to the film the same for both samples. The 

* Dept, of Physics, University of Cincinnati, Cincinnati, Ohio. 

‘ Muller and Bahntje: Z. Elektrochemie, 12, 317 (1906). 

‘ Trillat: Rev. M^tallurgie, 2S, 286 (1928). 
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film was enclosed in a paper envelope and held on the circumference of the 
hoops E by a rubber band. Next to the film was placed a piece of 0.02 mm 
nickel foil which acted as a filter giving approximately monochromatic beams. 
The place where the two samples joined was aligned with the partition F 
which prevented the diffracted beams from one of the samples crossing over 
to the part of the film which was intended to receive the beams from the other 
sample. An enlarged photograph, taken with this camera, is shown in Fig. 4. 



Unit crystal lattice of copper. 



Fig. 3 

Special x-ray camera 


The plating baths used had the following composition: 


Water.i liter 

Copper sulphate crystals.200 gm. 

Concentrated sulphuric acid. .30 gm. 



Fig. 4 

Enlarged photograph taken with the camera shown in Fig. 3. Upper part, 
copper containing gelatine. Low'er part, copper not containing gelatine. 

The other bath had the same composition except that it contained 100 gm of 
gelatine. The baths were connected in series and since the cathodes had the 
same area, the current density was 2 amp per dm® for each sample. The 
temperature was kept constant at 25®C by placii^ the beakers containing the 
electrolyte in a water-bath. A sufficiently thick deposit was obtained in 
one hour. 

Theoretical 

To show that the difference in the length of the edge of the unit lattice 
must be less than o.oiA for the two kinds of copper, Bragg’s law is used; 

nX » 2 k D sin 0, 
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where: 

n = order of the reflection (i, 2, 3, etc.), 

X = wave length of the x-ray beam, 

k = a factor which when multiphed by D gives the distance between 
corresponding planes (for the iii planes k = 0.577), 

D “ length of the unit crystal edge (Fig. 2), 

0 = angle between the incident x-ray beam and the diffracting plane. 

From this, 0 is computed for the various planes which may cause diffraction, 
assuming the distance D for copper to be its usual value of 3.61A, as well as 
3.60 and 3.S0A. The theoretical positions of the hnes thus determined are 
plotted in Fig. 5 from the computed values given in Table I. 


PLANE* 



Fia. 5 

Theoretical positions of the lines for 
various values of D. 


Table I 

Values of 20 for various values of D 


Planes 

3 61 

3 60 

3 50 

III 

43“ 16' 

43“ 24' 

44® 42' 

200 

50° 24' 

So“ 32' 

52° 6' 

220 

74° 2' 

74“ 16' 

76® 46' 

311 

89“ so' 

90” 6' 

93° 28' 

222 

9.?° 2' 

95° 21' 

99° 2' 

400 

116° 46' 

117® 16' 

122® 52' 

331 

136” 14' 

137“ 2' 

146® 20' 


In the computations, X was taken as i. S37A. 

From the table and from Fig. 5 it is evident that the greatest difference in the 
positions of the lines occurs on the right-hand end. Turning to Fig. 4, the 
difference between the positions of the 331 lines is not as great as that between 
the same lines in Fig. 5 for D = 3.61 and D = 3.60 A. Hence we conclude 
that any difference in the unit crystal lattice edge is less than o.oiA. 




THE LIMITING LAW FOR TRANSFERENCE NUMBERS 


BY MALCOLM DOLE 


Scatchard^ and Jones and Dole* have recently published empirical equa¬ 
tions connecting the transference numbers of strong electrolytes with the 
concentration, but as yet, apparently, no one has attempted to give these 
equations any theoretical basis. Indeed, on the basis of the old Kohlrausch 
conception of constant ion mobility the transference numbers would be con¬ 
stant and independent of the concentration,—an idea which would discourage 
any effort to determine the relationship between transference numbers and 
the concentration. 

The more modem views regarding the change of ion mobility with the 
concentration as brought to final mathematical perfection in the work of 
Debye and HtickeP and of Onsager^ offer a possible source of explanation for 
the transference number variation with the concentration since according to 
the “theory of complete dissociation'^ the ion mobilities are not independent 
of the concentration but depend very definitely upon the ionic constitution of 
the solution. At great dilution the ion mobilities, or on the assumption of 
complete dissociation the ion conductances are given by the Debye equation 

Ai - — aiVc (i) 

In equation (i) Ai is the ionic conductance of the fth ion at the concentration 
c. A* is the ionic conductance at infinite dilution and ai is a constant which 
may be calculated according to the equation of Onsager or which may be 
estimated from the experimental data. The transference number, t, of the 
positive ion of the salt PN, for example, is given by the equation (by definition) 


Ap + An 


(2) 


Substituting the values of the ionic conductances as given by the Debye 
equation (i) into equation (2) we obtain an equation between the transference 
number and the concentration as follows: 


tp 


A 

Vc — D 


+ B 


(3) 


In equation (3) A, D and B are all constants, independent of the concentra¬ 
tion. They are given by the following equations: 

A = apAn - Ap an . J 

(ap + a„)^ 


1 G. Scatchard: J. Am. Chem. Soc., 47 , 696 (1925). 

* G. Jones and M. Dole: J. Am. Chem. Soc., 51 , 1073 (1929). 
8 P. Debye and E. HUckel: Physik Z., 24 , 185, 305 (1923). 

* L. Onsager: Physik Z., 28 , 277 (1927). 
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B = + 


ftp + ftn 


D 


_ Ap + a: 
ftp "4” ftn 


Equation (3) is the limiting law for transference numbers. 
Scatchard^s equation for the transference numbers is 

tp = tp + ky/c 

Equation (3) may be expressed in a series as follows: 

^ ^ A A\/c Ac 

^ D D2 D* 


(5) 

( 6 ) 


(7) 


( 8 ) 


A\/c 

By dropping off all terms beyond , 
inasmuch as 


Scatchard^s equation (7) is obtained 



(9) 


This analysis indicates that Scatchard^s equation is an approximate form of 
the theoretical limiting law. 

Jones and Dole^s transference equation which they somewhat accidentally 
discovered is 


tp 


M 

V^ + N 


+ R 


(10) 


By referring to equation (3), it is readily seen that Jones and Dole^s equation 
has exactly the same form as the limiting law. This seems rather remarkable 
inasmuch as the Jones and Dole equation is valid for all salts as yet studied up 
to the high concentration of one normal whereas the limiting law is theoreti¬ 
cally valid only for very dilute solutions. However an examination of the 
constants shows that in the two cases they are quite different; for example, the 
limiting law gives for B the value + 0.5, the analogous constant, R, in the 
Jones and Dole equation has the value — i. At very small concentrations 
the two functions for the transference numbers will coincide since at zero 
concentration, 

M/N + R must equal B — A/D 

In conclusion we may remark that the Debye theory gives by far the most 
satisfactory explanation of the transference number variation with the 
concentration. 


Chemical Lahoraioty^ 
Northwestern University 
tvansion, Illinois, 



REACTIONS OF HYDROCARBONS IN THE GLOW DISCHARGE* 


BY ERNEST G. LINDER AND ARDITH P. DAVIS 

Although the reactions in electrical discharge of a large number of hydro¬ 
carbons have already been studied by others, the experimental conditions of 
these various investigations have differed widely, and hence it is not possible 
to obtain much information from the literature concerning the relative be¬ 
havior of this class of compounds under similar experimental circumstances. 
It was the purpose of the research described in this article to study such 
relative behavior, and to find if there exist any simple relations between 
molecular structure and the nature of the reactions. 

Fifty-seven different hydrocarbons were investigated. No attempt was 
made to work out completely the chemical reactions of each substance in the 
discharge, such an undertaking being a tremendous task, since the determina¬ 
tion of the reactions of even a single hydrocarbon is a long and diflScult prob¬ 
lem which has been solved satisfactorily in only a few cases. Instead, a 
standard method of procedure was developed and applied to each substance, 
and, although this did not give complete information regarding the reactions, 
it gave sufficient to reveal a number of interesting relations. 

Of the various types of electrical discharges in gases available for this 
work, the glow discharge (between metal electrodes, with D. C. current, at 
a few millimeters gas pressure) was selected, because it was believed to be 
better understood and more controllable than any of the others. A consid¬ 
erable amount of work, preliminary to the present research, was done by one 
of us, on the theory of chemical reactions in such a discharge, in order that 
the data might be better interpreted. Some of this has already been pub¬ 
lished elsewhere,but it is now given in more complete form below. 

Theory of Chemical Action in the Glow Discharge 

Aside from the difficulty of working out the chemical reactions occurring 
in gaseous electrical discharges, the principal obstacle to a satisfactory theory 
has been the lack of a means (either experimental or theoretical) of deter¬ 
mining the rate of formation of activated molecules. Even at present this 
remains a serious obstacle, but recent work has gone far towards its removal, 
so that it is now possible to form a picture of the principal phenomena, which 
is quite satisfactory in all its essential details. The present state of knowledge 
in regard to the fundamental elementary processes occurring in gas discharges 
has been well summarized by Compton and Langmuir,® while theories dealing 
with the glow discharge itself, which are of particular significance in connec¬ 
tion with the rate of formation of active molecules, have been developed by 
H. A. Wilson,* Giintherschulze,® Compton and Morse,® Morse,^ and Linder.®»® 

The glow discharge may be divided into the following parts, starting from 
the cathode: (i) cathode glow, (2) Crookes dark space, (3) negative glow, 
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(4) Faraday dark space, (5) positive column, and (6) anode glow. The cathode 
glow usually appears as a layer of velvety light covering the surface of the 
cathode. It is a region of high positive ion density, and the luminosity is 
probably due to excitation of molecules by positive ion impact. The Crookes 
dark space is the region across which most of the potential drop of the dis¬ 
charge takes place, and where a large fraction of the energy dissipation occurs. 
It will be discussed more fully below. The negative glow is usually the most 
luminous region of the discharge. The positive ion and electron densities 
are greatest here, as is very likely also the density of excited molecules. The 
Faraday dark space resembles the Crookes dark space, but the energy dissi¬ 
pation is much less. The positive column is a region of almost uniform ion 
density and energy, unless it is striated, in which case the ion density and 
energy vary with the striations. However, in no cases are the electron 
energies comparable with those in the Crookes dark space, nor the positive 
ion and electron densities nearly as large as those of the negative glow, being 
only about one hundredth of the latter. The anode glow usually appears 
as a thin layer of light covering the anode surface. Here the electron energy 
is a little higher than in the positive column, and the light emission is likely 
due to electron impacts against molecules. 

In discussing chemical action, only three of the above regions need be 
considered, namely, the ('rookes dark space, the negative glow, and the 
positive column. The energy dissipation in the other regions is so small that 
the chemical action occurring in them is probably not large. Even in the 
positive column the reaction is usually negligible, since the energy dissipation 
per unit volume is small. The reaction in this region would become important 
only in long discharge tubes, where the positive column would have a large 
volume, since when the distance between the electrodes is increased, the 
positive column increases in length, the other regions of the discharge remain¬ 
ing practically unchanged in almost every way. Brewer and his co-workers,® 
and Linder,2 have shown experimentally that most of the chemical action 
occurs in the Oookes dark space and negative glow, in tubes of the usual 
dimensions, such as that used in the present work. Therefore, only these 
two regions will be considered in the following discussion. 

The principal phenomena of the dark space'® and negative glow are rep¬ 
resented in Fig. I. (Ms the cathode surface, the dark space extends from 
C to E, E is the dividing line between the dark space and the negative glow. 
The negative glow occupies the region from E to F. The lines E and F are 
not sharply defined in the actual discharge, but are made sharp in the drawing 
for the sake of simplicity and clarity. We shall consider the entire potential 
drop as existing between C and E, its value at any point being given by the 
parabolic curve V, in accordance with Aston^s result." In the negative glow, 
i.e., the region EF, the potential is constant, as represented by the horizontal 
line, and the region is therefore field-free. 

Suppose that an electron is generated at the point a on the cathode surface. 
Under the action of the electrical field, it will travel away from C, gaining 
kinetic energy from the field as it advances. Such an electron will make 
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impacts with molecules. These impacts may be divided into three classes: 
(i) Elastic impacts, i.e., those which involve no (or at most only small) energy 
changes of either the electron or the molecule concerned, and whose only 
effect is a possible change of the direction of motion of the electron and mole¬ 
cule, such as is represented at the points marked e. (2) Ionizing impacts, 
such as those represented by the points i. These always result in the pro¬ 
duction of a new electron, and a positive ion. (3) Exciting impacts, i.e., 
those which raise the molecule to a higher quantum state. Dissociating im¬ 
pacts are not included in this list, since dissociation is now regarded as the 
result of ionization or excitation. 



Fig. I 

Representation of Ionization Phenomena in Crookes 
Dark Space and Negative Glow 

As a consequence of ionizing impacts, each electron that leaves the 
cathode (primary electron) generates a large number of new electrons (secon¬ 
dary electrons), before it reaches E. This is shown by the branching line 
in Fig. I. Each fork (such as i) represents an ionizing impact and the con¬ 
sequent production of a new electron, which, in turn, advances and itself 
produces other new electrons. Thus the number of electrons increases expo¬ 
nentially with distance from the cathode. Townsend^ has given an equation 
to represent this increase, 

-pGD 

a = pC e ^ , 

where a is the number of ionizing collisions per centimeter of advance, p is 
the gas pressure, X is the field strength, and C and D are semi-empirical 
constants, which have been determined by Townsend for a number of gases. 
A slight modification of the equation to adopt it to such non-uniform fields 
as are found in the dark space, has been given by Compton and Morse.* 
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The elastic and exciting collisions, of course, play no part in this exponential 
increase of ionization, except that they rob the electron of energy which 
might otherwise be used in producing ions. 

It has been found that each primary electron is responsible for the forma¬ 
tion of roughly 50 to 100 secondary electrons before reaching If n 

represents the total number of electrons produced by no primary electrons, 
the ratio n/no increases as shown by the curve in Fig. i. Obviously most 
of the electrons are generated close to E, and therefore fall through only a 
small potential drop before reaching E. The average electron energy is 
therefore low (in a discharge in water vapor it is about 0.15 Vi, expressed in 
volts, where Vi is the total cathode potential drop.). 

After the electrons reach E, they continue advancing into the negative 
glow (in Fig. i most of the paths are not drawn beyond E for the sake of 
clarity). Here they continue to make impacts until their energy supply is 
exhausted. Of course, they can gain no additional energy, since the negative 
glow is field-free. Path N represents that of an electron generated quite far 
back in the dark space and travelling all the way to E without making 
impacts, and consequently having high energy. Such electrons make more 
than the average number of collisions in the negative glow before their energy 
supply is exhausted. On the other hand, path M represents the opposite 
extreme, i.e., that of an electron of such low energy, that it makes no ionizing 
impacts, only elastic ones. L represents an average path. The number of 
activating impacts in the negative glow probably decreases asymptotically 
with increasing distance from E, somewhat as does the luminosity in that 
region.*^ No attempt has been made to have more than rough quantitative 
accuracy in the figure, it being desired to present only a qualitative idea at 
present. 

We shall now consider for a moment the various kinds of active molecules 
formed by electron impacts in the dark space and negative glow. These may 
be divided into two classes, corresponding to the second and third kinds of 
impacts mentioned above, (i) positive ions, and (2) excited molecules. We 
shall consider first the relation of the discharge current to these. 

Each positive ion formed in the dark space moves towards the cathode 
under the action of the electric field. A typical path is illustrated by the 
dotted line AB in Fig. i, the ion being generated at A by an electron impact. 
The impacting electron and the new secondary electron produced, move on 
toward E, while the positive ion formed, moves back toward C. This ion, 
being much larger than an electron, especially in the case of large hydro¬ 
carbon molecules, such as are being considered here, makes new impacts. 
However, due to its small mean free path, the ion does not gain enough 
energy between collision to produce many ionized molecules. Hence the 
path of the positive ion is generally not branched, as is that of the electron. 

It is clear that the number of positive ions reaching C per second is equal 
to the number of ionizing impacts made in the dark space per second. (This 
assumes no recombinations of ions and no ionization by positive ion impact, 
but these are known to be few in number in the dark space.) Since each 
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electron that leaves the cathode produces many positive ions, the number 
of positive ions reaching C must be much greater than the number of electrons 
leaving (usually 50 to 100 times greater), therefore the current at C is pre¬ 
dominantly a positive ion current. The discharge current is a measure of 
the positive ion current to C (disregarding the small number of electrons 
leaving C). 

At E however, the current is mostly an electron current. The density 
of positive ions here is about equal to that of the electrons, but the latter 
carry most of the current by virtue of their greater mobility. Hence the 
discharge current is a measure also of the rate at which electrons cross E. 

The discharge current is therefore a measure of three rates: (1) the rate 
at which ionizing impacts are made in the dark space, (2) the rate at which 
positive ions reach C, and (3) the rate at which electrons cross E. There is 
obviously no necessary relation between the discharge current and the rate 
of formation of positive ions in the negative glow, or the rate of formation 
of excited molecules in any region of the discharge. 

The determination of the mechanisms of the reactions of the active mole¬ 
cules formed in the discharge, is a distinct problem for each individual com¬ 
pound, and indeed, for each type of activated molecule for each compound. 
However, it is possible to make some general remarks which apply to all. 

Under the usual conditions of the glow discharge, such as those described 
below, the concentration of positive ions in the discharge is much smaller 
than that of normal molecules,‘ hence most of the collisions of the positive 
ions will be with normal molecules. The density of excited molecules has not 
been well determined, but there is reason to believe that in most cases it is 
comparable with that of the positive ions.’^ Consequently most of the colli¬ 
sions of the activated molecules will be with normal molecules, and the num¬ 
ber of collisions of active molecules with other active molecules will be neg¬ 
ligible. Therefore it would be expected that among the important primary 
reactions would be those taking place by the interaction of an activated 
molecule and a normal one. In fact, many reactions reported in the literature 
have been explained by such interaction, **> “ for example, the formation 

in the discharge, of dihydrodiphenyl from benzene as reported by Mignonac 
and de Saint-Aunay,“ 

C,H« -H CsH,' -> Ci*His. (i) 

Of course, an activated molecule may react with more than one normal 
molecule. This appears to occur for example, in the case of unsaturated 
hydrocarbons. But such a combination of three or more molecules does not 
occur simultaneously, except in rare cases, and strictly should therefore be 
regarded as a primary reaction (involving two molecules) followed by one or 
more secondary reactions, as the case may be. 

Another type of primary reaction which should be important in many 
cases is the activation of a single molecule by electron impact followed by 
its dissociation. Many reactions of this type have been observed,** for 
example, 
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H2O+ H + 0 H+ (2) 

as reported by Barton and Bartlett.^® 

Of course, in most cases the final products do not represent the results 
solely of primary reactions, but also of a number of secondary reactions, 
since in many cases the products of the primary reactions are in an active 
state, e.g., OH+ in reaction (2) above, and act as the initiators of further 
reactions almost immediately. It usually requires special methods to isolate 
the primary products, as for example, the positive ray mass spectograph, 
or, a discharge tube immersed in liquid air so that the primary products are 
frozen out before they can react further. 

Activated molecules formed in the discharge may be divided into three 
classes: (i) positive ions formed in the dark space, (2) positive ions formed 



Fig. 2 

Typical Behavior of Ions and Excited Molecules 


in the negative glow, and (3) excited molecules. The typical behavior of 
these three types is illustrated in Fig. 2. 

Positive ions formed in the dark space, such as A Fig. 2, travel toward 
the cathode, making collisions with neutral molecules on the way. Reactions 
may take place at any of these collisions, or perhaps clusters may form, the 
ion picking up neutral molecules as it advances, as proposed by Lind.^^ 
However, it is doubtful that the final neutral reaction products are actually 
formed until the ion reaches the cathode and is neutralized. 

Positive ions formed in the negative glow are not acted upon by any field, 
and hence move in a random manner, such as is illustrated by the ion B in 
Fig. 2, Actually there is a small field causing them to drift toward the wall, 
where some are neutralized. Others are neutralized in the gas phase. The 
reactions they initiate are probably the same as those initiated by ions in 
the dark space, but these ions or clusters likely travel farther before neutral¬ 
ization. Furthermore, the positive ions formed in the dark space may par¬ 
ticipate in surface reactions on the cathode surface, since they are practically 
all neutralized there, whereas large numbers of the ions formed in the negative 
glow are neutralized in the gas phase, and hence can play no part in such 
reactions. 
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Excited molecules, whether formed in the dark space or negative glow, 
are not acted upon by electric fields, since they are uncharged, hence they 
move in a random manner, as shown by molecule G in the figure. Such an 
excited molecule may either react, or may return to its normal state. The 
return to the normal state may be accomplished by the transfer of the exci¬ 
tation energy to another molecule in a collision, or by the emission of a light 
quantum. The light quantum may pass out of the discharge, or may be 
absorbed by another molecule, producing another excited molecule. In fact 
such a quantum may be passed on from one molecule to another until it is 
finally lost from the discharge or participates in a reaction. 

Nothing much more of a general nature can be said regarding these various 
types of activated molecules, since their detailed behavior is probably different 
for each different compound, and each type of activation. 

The rate of reaction in the glow discharge has been found by a number 
of workers^’ ^ to be almost directly proportional to the discharge current. 
Linder^ has shown however, that a probably more correct relation is 

dq/dt - kWI, (3) 

where k is a constant determined by the kind of hydrocarbon, W is the 
average energy absorbed from the field by the electrons generated in the 
dark space, and I is the discharge current. W may not vary much as I is 
changed, so that frequently there is almost direct proportionality between 
dq/dt and I, in fact, in the normal discharge, W remains constant. In the 
abnormal discharge, however, an increase in I causes an increase in W, so 
that the rate of reaction per unit current increases as the current increases. 
This is due to the fact that the electrons have greater energy and hence pro¬ 
duce more activated molecules.^^ 

Over a gas pressure range of at least 0.5 to 10 mm, the rate and nature 
of the reaction is almost independent of the pressure for any given com- 
pound.^»®» 22,23 Increasing the pressure reduces the length of the mean free 
path of the electrons, but the width of the dark space also decreases, the 
cathode potential drop remaining constant. The result is that each electron 
makes the same number of collisions as before, and the reaction is unaffected. 

The theory presented in this section provides a fairly satisfactory, although 
still incomplete, theoretical basis for the interpretation of the chemical 
action in the glow discharge. It will be applied to the experimental data below. 

Discharge Apparatus 

At the beginning of the investigation many attempts were made to build 
a satisfactory apparatus using a hot tungsten filament as a source of electrons, 
and accelerating them by applying a potential between this and a neighboring 
grid. Such an apparatus would have the great advantage that the number 
and energy of the bombarding electrons could be varied independently of each 
other. However, an insuperable difficulty was encountered in trying to 
eliminate or correct for the thermal decomposition caused by the hot filament. 
The principal difficulty is that although the amount of thermal decomposition 
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FlO. 3 

Discharge apparatus 

can be measured when no potential is applied between the filament and grid, 
it is probably different in amount when the potential is on, because of the 
attraction of positive ions to the filament, and hence can not be corrected for. 

Attempts to develop such an apparatus were finally abandoned in favor 
of a glow discharge where such a correction is not necessary. The essential 
parts of the apparatus are shown in Figs. 3 and 4. The hydrocarbon, in solid 
or liquid form, was contained in the glass bulb E, whence it evaporated and 
flowed through the discharge chamber D, and then into the trap Ti where it 
condensed. The non-condensing gases passed through the trap, and were 
pumped by the mercury condensation pump P, through a second trap T2, 
into the storage bottle S. The rate of pressure increase in S was measured 
by means of a McLeod gauge G. Samples of gas for analysis were removed 
by a Toepler pump L. 
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All runs were made at a pressure such that the width of the Crookes dark 
space was from about i to 3 mm, corresponding to pressures of from about 
0.5 to 10 mm. of mercury. A more exact fixation of the pressure was un* 
necessary in view of the small effect due to pressure changes. In cases where 
the vapor pressure of the compound at room temperature was sufficiently high, 
the pressure was regulated by immersing E in a cooling bath of a suitable 
temperature, but in cases where it was below o. s mm, that part of the apparatus 
surrounded by the dashed line in Fig. 4, was enclosed in an oven and raised to 
a temperature sufficient to give the desired pressure. 



Schematic sketch of discharge apparatus 

In some instances temperatures around 15o®C were necessary. In these 
cases the ground joints a, could not be sealed with any of the ordinary waxes, 
but it was found that suitable seals could be made by melting sugar into the 
joints and wrapping cooling coils around them. The joints could then be 
kept hot enough to avoid too great a lowering of the vapor pressure in D, 
and yet sufficiently cool so that they remained vacuum tight. 

The discharge tube D, was of about 2 liters capacity. The electrodes e, 
were aluminum disks about 2.5 cm. in diameter. They were spaced 8,5 cm. 
apart. The leads to them were of heavy tungsten wire, glass covered. The 
larger ground joints enabled the electrodes to be removed easily for cleaning. 
The glass spiral shown between. E and D in Fig. 3, was not used in any of 
the work reported here. 

The trap Ti was made with a bulb as shown, so as to prevent clogging 
by solid substances condensing at the surface line of the cooling solution. 
Trap T2 was used only in work with high vapor pressure compounds, whose 
vapors were not completely stopped by the first trap, and which interfered 
with the correct functioning of the McLeod gauge if allowed to enter S. 
It was cooled with the same refrigerant as was used on trap Ti. 
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In nearly all cases the refrigerant on the traps was a carbon dioxide-ether 
slush. In a few cases of high molecular weight compounds, ice water was 
used, but in all instances, the gas samples for analysis were passed through 
a coiled glass tube N, immersed in carbon dioxide and ether, after being 
raised to atmospheric pressure by the Toepler pump. Thus, in every case, 
the gas sample analyzed, contained only those gases not condensible at 
— 77®C, at atmospheric pressure. 

The current for the discharge was supplied by a transformer, and rectified 
by a single kenotron. Its pulsating nature was unimportant, as was shown 

by tests on a discharge in water vapor, 
the results of which agreed with those 
reported by Linder^ for a smooth direct 
current. The voltages varied over a range 
of about 500 to 1000 volts. 

The principal differences between the 
method used here and those usually 
employed in the study of reactions in 
electrical discharge, is that the gas 
passes through the discharge only once, 
and at a low pressure and high rate of 
flow. Thus, more advanced and compli¬ 
cated secondary reactions probably do not 
occur to as great an extent as they do 
when the sample of gas is allowed to remain 
in the apparatus, or is circulated re¬ 
peatedly during the time of the discharge. 

Procedure 

4 fter inserting the hydrocarbon into the bulb E, and sealing the joints 
a, the system was always tested for air leaks or evolution of gases absorbed 
in the hydrocarbon. Only the solid hydrocarbons were found to give off 
appreciable quantities of absorbed gas, and melting them while in the bulb 
E at low pressure, was found sufficient to cause these gases to be liberated 
at once. The discharge was started only after the McLeod gauge showed no, 
or only a small, rate of pressure increase in S, and measurements of this rate 
of increase, if any, were made at the beginning so that it could be corrected 
for; for example, see the parts of the curves marked o in Fig. 5. 

Upon starting the discharge, the temperature of E, or of the oven, was 
adjusted so that the width of the dark space was from one to three milli¬ 
meters. Measurements were then made of the rate of pressure increase in 
S for discharge currents of 2, 5 and 10 ma., except in the case n-decane, 
dodecane and n-tetradecane, which were tested over a range of only o to 2.5 
ma.^ Typical curves are shown in Fig. 5, in which the pressure in S is plotted 
against time for various currents. From such curves as these the time rate 
of pressure increase dp/dt, was determined by measuring the slope. 



Typical curves showing rate of pres¬ 
sure increase with time. I. Retene, at 
o and 10 ma. II. Styrene, at o, 5 and 
2 ma. 
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Table 1 

Rates of Gas Production 
(cc/sec/ma X lo*) 


Compound 

dq/dt 

Compound 

dq/dt 

n-pentane 

60 

cyclohexene 

105 

n-hexane 

99 

p-diphenylbenzene 

SI 

n-heptane 

lOI 

m-diphenylbenzene 

41 

n-octane 

105 

o-diphenylbenzene 

52 

n-decane 


diphenyl 

43 

dodecane 

133 

di-iso-butylene 

139 

n-tetradecane 

MS 

dipentene 

114 

n-docosane 

155 

pinene 

lOI 

benzene 

25 

di-iso-amyl 

118 

toluene 

52 

limonene 

112 

o-xylene 

35 

p-diethylbenzene 

69 

m-xylene 

47 

m-diethylbenzene 

71 

p-xylene 

63 

p-C3anene 

66 

mesitylene 

71 

p-menthane 

71 

durene 

62 

styrene 

45 

hexamethylbenzcne 

79 

2.2.4-trimethylpentane 

97 

hexaethylbenzene 

83 

1-heptene 

IIS 

n-butylbenzene 

81 

dibenzyl 

49 

sec-butylbenzene 

80 

2.2.3-trimethylbutene 

97 

tert-butylbenzene 

66 

methylnaphthalene 

62 

n-propylbenzene 

7 T 

octylene 

105 

iso-propylbenzene 

S8 

triphenylmethane 

42 

ethylbenzene 

64 

anthracene 

35 

naphthalene 

39 

stilbene 

57 

dihydronaphthalene 

72 

acenaphthene 

SO 

tetrahydronaphthalene 

71 

retene 

S6 

dekahydronaphthalene 

103 

phenanthrene 

37 

cyclohexane 

86 



methylcyclohexane 

93 



1-methylcyclohexene 

los 




When sufficient data had been obtained to determine dp/dt at 2, $ and 
10 ma., a long run at 10 ma. was made for the purpose of obtaining sufficient 
gas for analysis. This gas was pumped from S by the Toepler pump L, 
and then passed through the coil N, immersed in carbon dioxide and ether, 
into the pipette M. The gas analysis is described in a later section. 

The solid products of the reactions formed principally on the cathode, 
but also in smaller amounts on the anode and walls of the discharge tube. 
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They were removed at the conclusion of the run, by scraping the various 
parts, then washed and weighed. No attempt has yet been made to investi¬ 
gate liquid products, but their formation was observed in many cases. 


Molecular Structure and the Rate of Gas Evolution 


Fairly definite and consistent relationships have been found between the 
structure of the molecule and the rate at which gas is evolved in the discharge, 
when the current is held constant. The rate at which gas is produced dq/dt 
for all compounds investigated, is given in Table I. These rates seem to 
follow two empirical rules, which may be stated as follows: 

(i) In a series of similar compounds of increasing molecular weight 


(e.g., the normal paraffins) the rate 
of gas evolution increases with the 
molecular weight. 

(2) In a series of similar com¬ 
pounds of the same molecular weight 
(e.g., 0-, m-, and p-xylene) the rate 
of gas evolution increases with de¬ 
creasing centralization. 



NUMIER 9f CARiOM ATOMS 

Fig. 6 

Rates of gas production for the normal 
paraffins 



Fig. 7 

Rates of gas production for 
the mono-substituted benzene 
series:—benzene, toluene, ethyl¬ 
benzene, n-propylbenzene, and 
n-butylbenzene. 


There is more evidence for the first of these rules than for the second, 
many isomeric compounds not being available. Also there are some excep¬ 
tions to both rules. 

Some of the more striking results, showing the increase in rate of gas pro¬ 
duction with molecular size, are graphed in Figs. 6 to 10, which are, for the 
most part, self-explanatory. The diagrammatic representations of molecular 
structure, given along the horizontal axes, are somewhat conventionalized. 

The data represented by crosses in Fig. 6 will be discussed later. The 
somewhat large jump between the rate for n-pentane and n-hexane is likely 
due to the different method of determining dq/dt for n-pentane, necessitated 
by its high vapor pressure. Its vapor could not be completely stopped by 
the traps Ti and T2, and its interference with the action of the McLeod 
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gauge made the determination of dq/dt unreliable by the use of that instru¬ 
ment; hence its rate was determined by pumping out the gas sample from S 
and measuring its volume at atmospheric pressure in a burette. The points 
for n-hexane, n-heptane, n-octane all seem to lie a little too high; this may 
well be due to the presence of small amounts of their vapors in the gauge. 
This seems true especially in view of the fact that before the addition of 
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Fig. 8 

Rates of gas production for the 
methyl-substituted benzene series:— 
benzene, toluene, p-xvlene, mesitylene, 
durene, and hexamethylbenzene. 


trap T2 to the apparatus the 
points for n-hexane and n-hep- 
tane lay still much higher^ 
than is shown in Fig. 6. 



Rates of gas production for 
benzene, diphenyl, and p-di- 
phenylbenzene. 


Durene seems to be an exception, as is evident from Fig. 8, and also 
tctrahydronaphthalene, as it may be seen from Fig. 10. In the latter case, 
however, the departure is probably no greater than the experimental error. 

Typical series showing the effects of varying the centralization of the 
molecule are given in Fig, ii. The o-, m-, and p-diphenylbenzenes do 
not appear to obey the centralization rule. Other comparisons are listed in 
Table II. 

In addition to size and centralization, saturation also seems to play a part, 
for example, the rates for n-hexane, cyclohexane and benzene are 0.0099, 
0.0086 and 0.0025 cc/sec/ma, respectively, differences which seem too large 
to be accounted for solely by the small changes in molecular weight. Styrene 
and ethylbenzene offer another example. However, the data on this point 
are meager, and in some cases the presence of a double bond seems to have 
no effect, as in the case of n-octane and octylene. Sometimes even the oppo¬ 
site effect is observed, as for n-heptane and 1-heptene, but the measurements 
on these compounds are not vexy reliable due to their high vapor pressure 
and the consequent probable presence of their vapors in the McLeod gauge, 
as has been mentioned before. 

Parallelism with Knock Rating. There is a striking parallelism between 
the rate of gas production and the knock rating as given by Lovell, Campbell 
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Rates of gas production for naph¬ 
thalene, dihydronaphthalene, tetrahy- 
dronaphthalene and dekahydronaph- 
thalene. 



Fig. II 

Series showing effect of centraliza¬ 
tion on rate of gas production. I. n- 
butylbenzene, sec-butylbenzene, and 
tert-butylbenzene. II. p-xylene, m- 
xylene, and o-xylene. 


Table II 

Some Comparisons between Structure and Rate of Gas Production 


Compound 

benzene 

hexamethylbenzene 

hexaethylbenzene 

naphthalene 

diphenyl 

acenaphthene 

stilbene 

anthracene 

phenanthrene 

triphenylmethane 

p-diphenylbenzene 

retene 


dq/dt (cc/sec/ma X lo*) 

25 

79 

83 

39 

43 

50 
57 

35 

37 

42 

51 
«;6 
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and Boyd . 2 ® These investigators have measured the knock ratings of twenty- 
seven paraffin hydrocarbons. Definite relations have been found between 
molecular structure and the tendency to knock. The statement is made 
that 'In a homologous series the tendency to knock increases with the increas¬ 
ing length of the carbon chain, and in an isomeric series the tendency to 
knock usually decreases as the number of side chains is increased.'^ This is 
substantially a statement of the two rules enunciated above, governing the 
rate of gas production in the glow discharge. 

Discussion of Relations between Structure and Rate of Gas Evolution. A 
satisfactory explanation of these results probably requires not only a knowl¬ 
edge of the general features of the glow discharge, such as have been described 
above, but also information on the fundamental elementary processes of 
ionization and excitation for the individual hydrocarbons. So far as the 
authors are aware, no work has ever been done on the critical potentials, 
probabilities of ionization and excitation, or modes of dissociation by electron 
impact, of any of the substances dealt with in this article, and until some 
such work has been carried out, a complete explanation is probably out of 
the question. 

However, in the light of the theory presented above, some idea of the 
significance of the comparisons in behavior can be obtained. In the first 
place, it is essential to understand what can be used as a basis of comparison. 
The most satisfactory would probably be the bombardment of each hydro¬ 
carbon by an equal number of equal-energy electrons. This is what was 
attempted in the apparatus employing the hot filament mentioned above. 
In the glow discharge this condition cannot be realized, since the electrons 
have a wide distribution of energies. Furthermore, this energy distribution 
is not known, nor even the average energy. This latter quantity can be cal- 
culated,2 but the necessary data are not available in the present instances. 
Therefore, only the number of bombarding electrons is known (the discharge 
current is a measure of that, as explained above), the average energy (W in 
equation (3)) being undetermined. Hence the observed variations in the rates 
of gas production given in this article, may be due to changes in k or W, or 
both, in equation (3). 

It is quite certain that W does change from one hydrocarbon to another, 
increasing in general with increasing molecular weight. Giintherschulze^ 
gives an empirical equation for the cathode potential drop, 

V = (0.245 M+4)Via, (4) 

where M is the molecular weight, Vi the ionization potential, and a a factor 
depending on the effectiveness of the collisions (“Stossverlust und Wirk- 
samkeit der Stosse^'). Although this equation has been shown to hold only 
for some mono- and diatomic gases, there is no reason to believe it invalid 
for gases having larger molecules. As a matter of fact, the total voltage 
across the discharge tube in the experiments reported here was observed to 
increase with molecular size in general, but due to the great unsteadiness of 
the voltage, and its dependence upon pressure, these measurements are nqt 
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recorded here. (The fluctuations in the total voltage were in all probability 
due to changing conditions in the positive column and on the electrode 
surfaces, and not to changes in the cathode potential drop, which is the part 
of the total voltage drop concerned in the chemical action. Otherwise it is 
difficult to see how such straight lines, representing the relation between 
dp/dt and time, as those of Fig. 5, could have been obtained). 

The changes in the cathode potential drop can be attributed directly to 
molecular properties, as is suggested by equation (4). The quantum theory 
lends further support to this, for as the molecular size increases, the number 
of possible quantum states also increases, and hence the probability that an 
electron impact will produce an ion rather than an excited molecule, decreases. 
In other words, the more complex the molecule, the more the opportunities 
for an electron in an impact to expend its energy in other ways than ioniza¬ 
tion. Hence, to produce ions at a given constant rate in the dark space, 
i.e., to have a constant discharge current for each of a series of compounds, 
requires the expenditure of more energy in the cases of the more complex 
molecules, since in those cases a smaller percent of the total energy goes to 
produce ions, and a larger percent toward producing excited molecules. 

The rate of reaction depends on the rate of formation of both ions and 
excited molecules, i.e., 

dq/dt = aN + bM, 

where N is the rate of formation of ions, M the rate of formation of excited 
molecules, and a and b are constants. The rate of reaction per ion can there¬ 
fore be written, 

^ = a + bM/N. (S) 


Hence it should increase as the ratio of excited molecules to ions M/N in¬ 
creases, as is probably the case as we pass from less complex to more complex 
molecules. 

In the case of the data given here on the effect of molecular size, for 
example in Figs. 6 to 10, the rate of reaction is expressed in terms of gas 

dq/dt 


evolution in cc/sec/ma. This should be proportional to the quantity 


N 


in equation (5). Of course, the total number of positive ions formed per 
second N is not measured, but only those formed in the dark space. However, 
we shall make the plausible assumption that the ratio of the number formed 
in the dark space to those formed elsewhere is constant in any series of similar 
compounds, e.g., the normal paraffins. It follows then that the relations 
between molecular size and rate of gas evolution may be attributed to vari¬ 
ations of a, b and M/N. However, since a and b probably do not vary 
greatly in a series of similar compounds, most of the change is likely due to 
changes in M/N. Hence we conclude that the increase with molecular size 
in rate of gas evolution per unit current is probably due to the increasing ability 
of the larger molecules to absorb energy in other ways than by ionization^ i.e., 
to their larger number of degrees of freedom.*^ 
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Solid Products 

The rates of formation of the solid products are given in Table IIL 
The accuracy of these measurements was not high, because only small quan¬ 
tities were produced (o.i to 0.5 gm.), and although most of it formed on the 
cathode, some was deposited in a thin skin over the inside surface of the 
discharge tube and could not be entirely removed for weighing. 

The solid was wax-like in consistency, sometimes brittle. It was dark 
brown or black in color, and had the appearance of having a high carbon 
content, although a few preliminary com- ^ 
bustion analyses have not borne this out. 

The solid weighed was that portion which _ 

remained after washings in carbon tetra¬ 
chloride, benzene and ether, except in a few 
cases where the amount of solid formed was 
so small that it had to be determined by o 
weighing the electrodes before and after ^ 
the run. In these cases the solid was not - 

K 

washed at all. a - 

Therateof formation of this solidforeach « ^ 

t> 

hydrocarbon is plotted in Fig. 12, against - 

the hydrogen to carbon ratio of the original "" ^ 

hydrocarbon from which it was formed. | a- 

Although the points are scattered, the graph | 

shows a distinct increase in the rate of o ^_ 

formation with decrease in the hydrogen $ ® ® 

to carbon ratio. This is in agreement with ^ o o _ 

the results of Lind,‘^^ who found that larger T 

ion clusters form in the case of unsaturates ® ? 

I _ Q ■ J _ 

than in the case of saturates. f 0! 8 ® o ^ ^ 


Fig. 12 

Data on the formation of insoluble 
solids from hydrocarbons 


Gas Analyses M to / ^ /.S 11 

TO CARBON RATIO 

The complete data on the gas analyses 
are given in Table IV. These gases were 

prmlucod in thn <ii.oh.r*e at a cumnt ot iK""' 

10 ma, and a pressure from 0.5 to 10 mm, 

and passed, before analysis, through a coiled glass tube immersed in a dry 
ice-ether mixture. 

The analysis apparatus was similar to the one designed by Shepherd'-^ 
at the Bureau of Standards, and embodied the following special features: 

1) The balance point of the manometer was obtained by electrical con¬ 
tact. This method was suggested by Gregg^” and its accuracy determined 
by Weaver and Ledig.^^ It has been found very satisfactory. 

2) A burette illuminator was made by placing a small electric light bulb 
behind a sheet of tracing cloth. A reflector, made of wood and painted on 
the inside with aluminum paint, was placed behind the light. This enabled 
the burette to be read accurately. 
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Table III 

Data on Formation of Solids 

H/C, hydrogen to carbon ratio; W, rate of solid formation 
(gm/sec/ma X lo®) 


Compound 

H/C 

W 

Compound 

H/C 

W 

toluene 

1.16 

4-30 

p-dicthylbenzene 

1.80 

1-77 

o-xylene 

1.24 

1.69 

m-diethylbenzene 

1.80 

2.94 

p-xylcne 

I 24 

1-37 

p-cymene 

1.40 

2.09 

mesitylene 

T.32 

2.43 

p-methane 

2.00 

0.90 

n-butylbenzene 

1 40 

2 .QT 

styrene 

1.00 

432 

sec-butylbenzene 

1 40 

2.^3 

2.2.4-trimethylpentane 

2.24 

I 32 

tert-butylbenzene 

1 40 

2.73 

1-heptene 

2.00 

0.77 

ethylbenzene 

I 24 

2.82 

2.2.3-trimethylbutene 

2 00 

0.58 

n-propylbenzene 

I 32 

2 90 

dibenzyl 

i 00 

5 04 

iso-propylbenzenc 

1 -34 

1 53 

dekahydronaphthalene 

1.80 

I 52 

hexamethylbenzenc' 

A 52 

2 76 

dihydronaphthalene 

1.00 

5 40 

cyclohexane 

2 00 

0 51 

cyclohexene 

1.67 

r .06 

n-heptane 

2 28 

0 35 

1-methylcyclohexene 

] 71 

1 .36 

n-pentane 

2.40 

1 21 

octylene 

2.00 

0.80 

di-iso-butylene 

2 00 

I 19 

naphthalene 

0.80 

7 51 

methylcyclohexane 

2 00 

0 19 

triphenylmethane 

0.84 

6 91 

dipentene 

1 60 

1 66 

hexaethylbenzene 

1.67 

i. 29 

pinene 

I 60 

1.88 

p-diphenylbenzene 

0 78 

14 50 

di-iso-amyl 

2.20 

0.62 

m-dipbenylbenzene 

0.78 

18 . TO 

limonene 

1.80 

1.62 

o-diphenylbenzene 

0.78 

T 1.60 

n-docosane 

2 . TO 

1 54 

anthracene 

0.72 

9 70 

retene 

1 00 

5.08 

phenanthrene 

0.72 

8.82 

acenaphthene 

0 83 

<>•39 

stilbene 

0.86 

7.24 

diphenyl 

0 83 

5 6 s 





3) A stopcock with two bores, one a two-millimeter, and the other a 
constricted bore, was placed in the mercury line at the bottom of the burette. 
This permitted easy regulation of the mercury level, 

4) Capillary T-stopcocks, with large barrels, were used in the distributor. 
The bore of the capillary tubing was from 1.5 to 2.0 millimeters. Capillary 
stopcocks with small barrels were tried and found to be unreliable, because 
of leaks. 

5) The water jacket was made large enough to accommodate the burette, 
compensator and manometer. 

6) Dcnnis-Friedrichs pipettes were used for absorptions. 
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Table IV 

Summary of Gas Analyses 


Compound 

Hydrogen 

Acetylenes 

Ethylenes 

Paraffins 

n-pentane 

60.2% 

10.0% 

17 7% 

12.1% 

n-heptane 

46.0 

9 7 

26 9 

17-5 

n-octane 

48.9 

13.8 

16.6 

20.8 

n-docosane 

55-7 

112 

25-7 

7 4 

benzene 

46 0 

40 5 

4-4 

9 2 

toluene 

54-8 

29.0 

3 0 

13-7 

o-xylene 

60 2 

16 0 

7.8 

16.0 

m-xylene 

52.2 

25.1 

6.8 

15 8 

p-xylenc 

73 0 

11.6 

6 3 

9.1 

mesitylene 

55*1 

18.9 

7.4 

18.7 

hexamethylbenzene 

54-7 

114 

13^ 

20.9 

hexaethylbenzene 

37 8 

20.6 

17.8 

23 8 

n-butylbenzene 

56-4 

9.6 

18.0 

16.1 

aec-butylbenzene 

50.6 

j6.8 

16.6 

16.2 

tert-butylbenzene 

45 5 

18 8 

11 9 

23.8 

n-propylbenzene 

43 0 

12 8 

27 .0 

17 2 

iso-propylbenzene 

51.8 

14.4 

12.1 

21 .6 

ethylbenzene 

50.7 

19 6 

12 4 

17 3 

naphthalene 

42.8 

32.2 

23 3 

1-7 

dihydronaphthalene 

54 8 

23 4 

19.7 

2.1 

tetrahydronaphthalene 

57.0 

17.0 

20.0 

6 .0 

dekahydronaphthalene 

52.5 

12.8 

30 0 

4 7 

cyclohexane 

46.0 

13.2 

32.1 

8.7 

methylcyclohexane 

47.0 

12 .6 

26.6 

13.8 

1 -methylcyclohexene 

40.8 

12 .6 

3 I.I 

15.5 

cyclohexene 

48.7 

16.5 

30.0 

4.8 

diphenyl 

43 2 

37.4 

17.3 

2.1 

di-iso-butylene 

57-3 

II .0 

13.8 

17.9 

dipentene 

48.4 

11-5 

27 .0 

13-I 

pinene 

S 3-7 

16.2 

18.2 

12 .0 

di-iso-amyl 

56.6 

15.1 

15.5 

12 .9 

limonene 

58.4 

14.9 

18.0 

8.7 

p-diethylbenzene 

36.0 

II.4 

25.7 

27 .0 

m-diethylbenzene 

49-8 

14.1 

16.9 

19.2 

p-cymene 

46.2 

12 .0 

16.6 

25.2 
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Table IV (Continued) 
Summary of Gas Analyses 


Compound 

Hydrogen 

Acetylenes 

Ethylenes 

Paraffins 

p-menthane 

52 - 5 % 

1.4% 

28.1% 

18.0% 

styrene 

45-7 

18.8 

30-7 

4-7 

2.2.4-trimethylpcntane 

53-2 

3-5 

27 . I 

16.2 

octylene 

38.7 

14.0 

36.4 

10.9 

triphenylmetha ne 

50 i 

27 3 

21.8 

0.8 

1-heptene 

36.3 

24.1 

254 

12.3 

retene 

39-8 

21.1 

15-0 

24.1 

2.2.3-trimethylbutene 

37-9 

70 

26.9 

273 

anthracene 

44-9 

36.2 

18.2 

0 7 

stilbene 

46.8 

44.8 

6.8 

1.6 

acenaphthene 

60.8 

24 .5 

T 3-3 

1-4 

phenanthrene 

45-8 

21.9 

28.0 

4.3 


7) The combustion pipette was constructed as described by Shepherd. 
It has given service that is entirely satisfactory. 

8) A copper oxide tube was used for combustion of hydrogen. It was 
heated by means of a small electric furnace made from a porcelain porous 
cup. Connection with the copper oxide tube was made by means of two 
stopcocks placed in the distributor with the outlets pointing upward. 

Shepherd describes the method for exact analysis and also for what he 
calls technical analysis. The laborious procedure necessary for exact analysis 
was not followed because gas samples collected under conditions as near 
identical as possible were found to vary more than the error would be in 
technical analysis. The error in our analyses was not more than three or 
four tenths of a percent of the whole sample on each constituent. 

Ethylenes and acetylenes were absorbed together in fuming sulphuric 
acid. Oxygen was absorbed in alkaline pyrogallol. Hydrogen was deter¬ 
mined by combustion over copper oxide heated to about 2 7o°C. After these 
determinations had been carried out the gas that remained consisted of 
paraffins and nitrogen. The volume of paraffins was determined by combus¬ 
tion in the hot platinum wire pipette. Acetylene was determined in a separate 
sample of gas.*^ ^phe acetylene was allowed to react with ammoniacal 
cuprous chloride. The copper acetylide was filtered off, washed with dilute 
ammonia and dissolved in hot dilute hydrochloric acid. Bromine water was 
then added to oxidize the copper to the cupric condition. The solution was 
then evaporated to a thick syrup or to dryness. The copper was then deter¬ 
mined by the potassium iodide titration method as described in Scott^s 
Standard Methods of Analysis. Dennis and Nichols®* say that acetylene 
is ‘‘best determined by leading it through an ammoniacal cuprous chloride 
solution, a reddish brown precipitate being thrown down.... The acetylene 
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may be determined by taking advantage of the fact that the moist precipitate 
contains carbon and copper in the atomic proportions of i:i.” 

As is evident from Table IV, the composition of the gas evolved from the 
various hydrocarbons has been found not to vary over a wide range. Further¬ 
more, no evident relations have been found between gas composition and 
the molecular structure of the original hydrocarbon. 

The presence of large amounts of unsaturates in most of the gases is of 
interest in view of the fact that Lind and Glockler*^ report their absence in 
gases collected from discharges in hydrocarbons in a Siemens ozonizer. 
However, these latter runs were of a duration of eight and a half hours, and a 
flow method was not used. In a run of eighty minutes duration they found 
small amounts of ethylene and acetylene. Hence, they conclude that unsat¬ 
urates are formed in the early stages of the reaction, but later used up. The 
work reported here supports this view, since probably not many secondary 
reactions occur, and if unsaturates are formed in the first few reactions they 
should be present in the gas collected, as was found to be the case. 

Additivity of Rate of Gas Evolution 

There is some evidence that the rate of gas evolution in the discharge 
is an additive property of the molecule. For example, the points indicated 
by crosses in Fig. 6, were obtained by subtracting the rate for benzene from 
those for toluene, ethylbenzene, n-propylbenzene, and n-butylbenzene. The 
data thus obtained lie on the normal paraffin curve close to the positions 
that apparently would be occupied by methane, ethane, propane and butane. 
Also in the case of Figs. 7 and 8, it is apparent that the rates for p-xylene 
and ethylbenzene arc nearly the same, as are also those for n-propylbenzene 
and mesitylene, suggesting that the carbon groups have the same effect 
regardless of their arrangement around the benzene ring, providing that 
they are not too close together. The comparison does not hold good for the 
higher members of these series, possibly because centralization or crowding, 
begins to play a part. Such additivity as is suggested here, would be in 
harmony with the theory proposed above to explain the increase in rate of 
gas evolution with molecular size, if the number of possible quantum states 
of a molecule were the sum of the states of its separate parts. 

Sources of Compounds and Accuracy of Data 

As was stated in the introduction, the purpose of this research was not to 
study in detail the reactions of individual hydrocarbons, but to make a survey 
of the entire class of compounds with the idea of finding any outstanding 
relations which might exist between molecular structure and the nature of the 
reactions. For this reason, and also because of the prohibitive amount of 
work and time that would otherwise be required, no great pains were taken 
in order that each datum be of high accuracy. Consequently, the greatest 
value of the work lies not in individual figures, but in comparison between 
numbers of data, each in itself not necessarily highly accurate. 
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The hydrocarbons used were obtained from the Eastman Kodak Com¬ 
pany, with exceptions as follows: acenaphthene, diphenyl, cyclohexane, 
anthracene, and triphenylmethane were manufactured by the Kahlbaum 
Chemische Fabrik, Berlin; 1 -heptene, and 2.2.3-trimethylbutene were sup¬ 
plied by Dr. T. A. Boyd ofiihe General Motors Laboratory, Detroit; methyl- 
naphthalene was supplied by Dr. S. P. Miller qi The Barrett Company, 
New York, and ethylbenzene and n-docosai\e were prepared by the Depart¬ 
ment of Organic Chemistry of Cornell University. We wish to take this 
opportunity to thank all those who helped us in obtaining some of these 
compounds. 

In determining the rates of gas evolution, one run each was made at 
current values of 2, 5, and 10 ma, (with the exception of the three paraffins 
mentioned above) and the value of dq/dt at each of these currents obtained. 
An average dq/dt was then determined by plotting these and drawing the 
best straight line through the three points. Most of these data are repro¬ 
ducible to within about 10 percent. 

The accuracy of the weighings of the solid product is less, owing to the 
aforementioned difficulty of collecting it, and also to variations in the washing 
procedure necessitated by differences in the solubilities of the original hydro¬ 
carbons which had to be removed. 

Only one gas analysis was made of the gases evolved from each hydro¬ 
carbon, except when accidents or doubtful results necessitated repetitions. 
However, considerable work was done in developing the analysis apparatus 
and procedure, so that the results are probably quite reliable. The method 
should be accurate to within two or three tenths of a percent. 

The formation of solid products on the electrodes, principally the cathode, 
leads to some ambiguity in the interpretation of the data on gas evolution, 
since the solid is subjected to continuous bombardment by positive ions 
and electrons. Thus, complicated and advanced secondary reactions result¬ 
ing in gas emission, may take place on the electrode surfaces. The gas emis¬ 
sion would then not be entirely due to primary or early secondary reactions. 
However, there is some reason to believe that these solid deposits are a minor 
factor, at least in so far as the effects on rate of gas production is concerned. 
In a previous paper^ it was reported that runs of a duration of 80 minutes 
showed no departure from the linear relation between pressure and time, as 
shown in Fig. 5, in spite of the fact that at the beginning of the run the electrodes 
were clean, whereas at the end they were coated with a heavy layer of solid. 
Furthermore, McLennan, Perrin, and Ireton®® have bombarded with cathode 
rays a similar solid product formed from acetylene, and found no evidence 
of gas evolution. Runs with an electrodeless discharge are being contemplated, 
which should clear up this point. 

Summary 

A theory of chemical action in the glow discharge is presented. 

An apparatus for subjecting hydrocarbons in the gaseous phase to the 
glow discharge, and collecting the reaction products, is described. Data 
on fifty-seven hydrocarbons are given. 
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It has been found that in a series of similar compounds of increasing 
molecular weight (e.g., the normal paraffins) the rate of gas evolution per 
unit current increases with the molecular weight; whereas in a series of the 
same molecular weight, (e.g., o-, m-, and p-xylene), it increases with de¬ 
creasing centralization. 

The increase in the rate of gas evolution with molecular size is attributed 
to the increasing ability of the larger molecules to absorb energy in other 
ways than by ionization, i.e., to their larger number of degrees of freedom. 

The amount of insoluble solid formed has been found to increase generally 
with decrease in the hydrogen to carbon ratio of the original hydrocarbon. 

Analyses are given of the gases evolved in the glow discharge for forty- 
seven hydrocarbons. 
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A STUDY OF THE SODA-ALUM SYSTEM 


BY J. T. DOBBINS AND R. M. BYRD 

Soda-alum was discovered by Gehlen^ in 1815. This discovery was con¬ 
firmed by the work of Zellner^ and other early investigators. The existence, 
however, of soda-alum has been questioned by several experimenters, one of 
whom was Ostwald, who claims that the potassium in ordinary alum may be 
replaced by rubidium or caesium but not by sodium or lithium. The work 
of more recent investigators, Auge,® Smith,^ Wadmore,® Leffman and Strock,® 
and others has proved conclusively the existance of this compound. The 
general method employed by these investigators for the preparation of soda- 
alum was to put together solutions of sodium sulphate and aluminum sulphate 
in equivalent quantities and concentrate it by heating. The literature does 
not afford any information as to the limits of concentration between which 
soda-alum may be prepared, and it appears that little attention was paid to 
the temperature other than to say that the alum may not be prepared above 
3o®C. There is also some dispute as to the behavior of soda-alum at ordinary 
temperatures. Some investigators claim that it does not effloresce at ordinary 
temperatures, while others contend that it does. Therefore, this investigation 
was undertaken to see if soda-alum could be prepared at ordinary tempera¬ 
tures, 2 5®C. being selected, and between what limits of concentration this 
takes place. 

Experimental 

Preparation of System: Sodium Sulphate-Aluminum Sulphate-Water 

A series of solutions was prepared of varying concentrations with respect to 
aluminum sulphate, and with sodium sulphate present in excess. Another 
series of solutions of varying concentrations of sodium sulphate, and with 
aluminum sulphate present in excess was prepared. These solutions were 
placed in a constant temperature bath, which was correct to o.oi®C., at 25°C. 
and allowed to come to equilibrium. After equilibrium had been reached, 
about 2 5 grams of the liquid phase, and about 2 5 grams of the wet residue were 
weighed out and diluted to a definite volume, from which aliquots were taken 
for analysis. 

Aluminum was determined by a method developed in this laboratory by 
Dobbins and Sanders,^ the sodiuih determined volumetrically by a method 
developed by Dobbins and Byrd,* the sulphates determined gravimetrically by 
precipitating them as BaS04, and the water determined by difference. 

^ Personal communication to Joseph N. Fuchs; Schweiggers Journal, 18 , 377. 

* Schweigger^s Journal, 18 , 344 (1816). 

*Compt. rend., 110, ii39>ii40 (1890). 

^ J. Am. Chem. Soc., 31 , 245 (1909). 

* Proc. Chem. Soc., 21, 150 (1905) 

«Am. J. Phar., 100, 474 (1928). 

^ Excerpt from Doctoral Dissertation University of N. C. (1931). 

"Excerpt from Doctoral Dissertation University of N. C. (1931). 
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In order to ascertain if any appreciable hydrolysis had taken [dace, in 
which case it would have been necessary to treat the system as a four com¬ 
ponent instead of a three component system, a complete analysis was made 
on several of the samples. By arbitrarily assuming the experimental values 
of sodium to be correct and calculating their equivalent of sulphate, then 
calculating the a aluminum sulphate equivalent to the remaining sulphate, 
the extent of variation of the calculated values of aluminum sulphate from 
the experimentally determined values could be found. If hydrolyms had 
taken place, the calculated values for aluminum sulphate would be higher 
than the experimental values. These results are listed in Table I. 

Table I 

Determination of Hydrolysis of Al2(S04)3 


Na2S04 assumed 

A1.(S04)j by 

Al^tSOO, 

to be correct 

difference 

Experimental 

0.00% 

28.98% 

29.29% 

2.27 

27.27 

27.64 

3 92 

26.45 

26.68 

6.29 

23.04 

23.07 

10.74 

18.26 

18.66 

16.55 

14-25 

14.59 

18.89 

12.84 ' 

12.80 


Table II 


Percentage composition of liquid and of residue in system: 
Sodium sulphate-aluminum sulphate-water at 2S°C. 



Liquid 



Residue 


Na 2 S 04 

Alj(SO,), 

HjO 

Na 2 S 04 

AljtSO,), 

HiO 

0 00 

29 29 

70.71 

0 00 

52.78 

47.22 

2.27 

27.64 

70.09 

1.41 

38 54 

60.05 

392 

26.68 

69.40 

1.64 

41.71 

56.65 

6.29 

23.07 

70.64 

11.50 

31.10 

57.40 

10.74 

18.66 

70.60 

14.18 

32.98 

52.84 

13.70 

16.24 

70.06 




XS -44 

15.10 

69.46 

15-30 

23.47 

61.23 

16.30 

14.63 

69.02 




16.55 

14.59 

68.86 

• 



[8.89 

12.80 

68.31 

19-37 

24.75 

55.84 

18.90 

12.28 

68.82 

40.94 

1.63 

57.43 

19.06 

9.18 

71.76 

39-91 

1.54 

58.5s 

19.62 

7.28 

73.10 

40.56 

1.08 

58.36 

19.85 

6.83 

73.32 




20.13 

4.93 

74.04 




20.84 

2. II 

77.05 




»iSS 

0.00 

78-45 

44.10 

0.00 

55-90 
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The data listed in Table I show that the extent of hydrolysis was in¬ 
significant and we were able to treat this as a three component system. 

The results of the analysis of the liquid phase and the wet residue are 
recorded in Table II. 

The percentage by weight of anhydrous sodium sulphate and aluminum 
sulphate as tabulated in Table II are plotted in the conventional way on a 
triangular diagram. The curve for the liquid phase has two transition points, 
one giving a very short segment AB on the aluminum sulphate side, a much 
longer segment BC in the middle, and a fairly long segment CD on the sodium 



Fig. I 

Solubility of Na2S04.ioH20 and Al2(S04)8.i8H20 in H 2 O at 25® C 

sulphate side. The breaks in the curve at B and at C indicate, of course, that 
a compound has been formed between the sodium sulphate and the aluminum 
sulphate. 

In order to determine what compounds exist in contact with the solutions 
represented by these three curves, samples of the wet residue were analyzed 
and the results plotted on the triangular diagram. The tie lines drawn from 
points on segment AB through the corresponding points of the solid phase, 
intersect at a common point, which represents the composition of hydrated 
aluminum sulphate of composition Al2(S04)3.i8H20. Likewise the tie lines 
drawn from points on the liquid phase segment CD through the corresponding 
solid phase points, intersect at a common point, which represents the com¬ 
position of the solid in that field, the compound being hydrated sodium sul¬ 
phate of composition Na2S04.i6H20. 

The compound of primary interest in this system is the one in equilibrium 
with the solution represented by segment BC. In order to establish the iden¬ 
tity of this compound, several samples of the wet residue corresponding to 
vital points on the liquid phase curve were analyzed and the tie lines drawn. 
The point of intersection of these lines corresponds exactly to the percentage 
composition calculated for soda-alum or Na2S04-Al2(S04)8.24H20. The com¬ 
position of this compound was the principal point of contention, and the 
analysis of it shows conclusively that it is soda-alum. 
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The point B on the triangular diagram is evidently very near the transition 
point for the fidd of soda-alum and hydrated aluminum sulphate, as the tie 
lines on either side of it pass through the point of composition of hydrated 
aluminum sulphate on one side and soda-alum on the other. On the other 
hand, point C is the transition point for the field of soda-alum and hydrated 
sodium sulphate. This is shown by the analysis of the solid phase which is 
represented by the point F. At the composition represented by point C, soda- 
alum and hydrated sodium sulphate exist together in contact with the same 
solution. 

The apparent limits of formation of soda-alum at 2S®C. lie between points 
B and C on the liquid phase curve. Consequently, soda-alum may be pre¬ 
pared at this temperature by taking concentrations which lie between these 
limits. 

It is obvious from Fig. i that a straight line joining the point representing 
solid soda-alum and the apex representing pure water, would cut the curve 
representing solutions in equilibrium with the solid alum, i.e. the components 
other than water would have the same ratio in both liquid and solid phase. 
Hence, evaporation at 2 5®C. of a solution of soda-alum will yield soda-alum 
without decomposition. 

It was found, in the course of this study, that a white, apparently amor¬ 
phous mass was first formed which later was transformed into small crystals 
of soda-alum. These crystals grew into larger ones, the growth taking place 
from the top of the solid layer downward. This peculiar behavior was ob¬ 
served by Spience,* and others. Also it was observed that a rather appreciable 
efflorescence took place in these crystals. This was one of the outstanding 
points of dispute by some of the other investigators. This point is in agree- 
agreement with results observed by Leffman and Strock.“ 

Summary 

1. A study of the system: Sodium sulphate-aluminum sulphate-water 
has been made. 

2. Soda-alum may be prepared at 2s‘’(l between limits of concentration 
represented by segment BC on the triangular diagram. 

3. Soda-alum effloresces quite readily at room tempierature when exposed 
to the air. 

4. Soda-alum can be obtained by evapiorating at 2S®C. an aqueous solu¬ 
tion containing from s percent NajS04 and 26 percent AUCSOi)* to 19 piercent 
NaiS04 and 8 piercent Al2(S04)3. 

University of North Carolinay 

Chapel HiU, North Carolina. 

®Chem. News, 22, i8i (1870). 

Am. J. Phar., 100, 474-478 (1928). 



THE ELECTROMETRIC TITRATION OF COPPER SALTS 
BY SODIUM HYDROXIDE* 

BY RALPH ALONZO BEEBE 

In a previous investigation,^ the electrometric titration of copper sulphate, 
chloride and nitrate, using the quinhydrone electrode, was used as a means 
of estimating the composition of the precipitates formed under various con¬ 
ditions of precipitation. The application of the method to the trichlorace- 
tate, acetate, and chlorate is described in this paper. 

Preparation of Solutions: A solution of sodium hydroxide (0.4018 normal), 
free from carbon dioxide, was prepared by the method of Cornog.^ This 
solution was used in all the titrations. 

Copper trichloracetate (0.4808 normal) was made by the action of tri¬ 
chloracetic acid on a slight excess of basic copper carbonate.® After standing 
several hours the excess carbonate was removed by filtration. An excess of 
trichloracetic acid was then added to prevent hydrolysis of the copper salt 
solution. Allowance for this excess was made by taking into account the 
position of the first break in the titration curves as is shown in Fig. i.^ 

Copper chlorate (0,3985 normal) was prepared by adding barium chlorate 
in slight excess to a solution of copper sulphate, and removing the precipi¬ 
tated barium sulphate by filtration.^ 

Copper acetate, 0.4043 normal, was made by dissolving the c.p. salt in 
water and adding a measured excess of acetic acid to prevent hydrolysis. 

All the copper solutions were standardized by adding potassium iodide 
and titrating the liberated iodine against standard thiosulphate solution using 
starch indicator. A test showed that potassium chlorate liberated no iodine 
from a potassium iodide solution. The iodimetric method was therefore 
assumed to be applicable to copper chlorate. 

Copper Trichloracetate 

Two methods of titration were employed. 

Method A, {Direct Titration,) The alkali was added by small increments, 
allowing about five minutes after each addition for the solution and precipi- 

* Contribution from the Moore Laboratory of Chemistry, Amherst College. 

‘ Hopkins and Beebe: J. Phys. Chem., 34 , 570 (1930). 

* J. Cornog: J. Am. Chem. Soc., 43 , 2573 (1921). 

3 Bateman and Conrad: J. Am. Chem. Soc., 37 , 2555 (1915). 

^ Miiller and MUller: Z. anal. Chem., 73 , 47 (1928). 

* No excess acid was added to the copper chlorate. However, two solutions, one freshly 
prepared, and the other six months old showed no measurable difference in the titration 
curves, although some basic salt had precipitated from the latter. 
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tate to approach equilibrium, before reading the potentiometer.^ Approxi¬ 
mately fifty minutes was required to complete a titration. 

In curves i, 2, 3, and 4 in Fig. i, obtained by this method for solutions 
of initial concentration o.oi, 0.03, o.i, 0.4 normal respectively, the moles of 
sodium hydroxide per mole of copper salt are plotted against the pH of the 
solutions. Approximately 1.6 moles of alkali are required for complete pre¬ 
cipitation in each case. The alkali requirement was very slightly greater 


s 


7 


6 


5 


4 ^ 


3 


Fig. I 

Copper Trichloracetate. (Curves 1-4, Method A).—i, o.oi N.; 2, 0.03 N.; 3, o.i N.; 
4, 0.4 In.; 5, Typical end-point by Method B, (Delayed Titration) for 0.4 N. solution. 

for the more dilute solutions but the difference was too small to be shown 
on the graph.2 

Method B, {Delayed Titration.) Since it was suspected that curves 1-4 
resulted from the precipitation of a mixture of copper hydroxide and the 
1:3 basic salt, not in equilibrium, a method of titration was devised to insure 
that sufficient time should be given to reach equilibrium conditions as nearly 
as possible. The alkali was added to several samples of copper salt solution 
in quantities just under 1.5 moles per mole of copper salt. These samples, 
of different initial concentrations of copper salt, were allowed to stand for 
varying lengths of time, some with constant stirring, some with occasional 

1 Even with this time allowance, it was apparent that equilibrium was not completely 
established because there was a slow drift toward a lower pH indicating the slow disap¬ 
pearance of hydroxyl ions from the solution. 

* As was shown in the previous paper (loc. cit.), a requirement of 2.0 moles of alkali 
would indicate the precipitation of the copper in the form of the ^droxide; but 1.5 moles 
would correspond to the precipitation of the 1:3 basic salt, [Cu(CCiljCOO)2 in this case). 
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shaking; before the titrations were completed electrometrically. The precip¬ 
itate was bluish white in color after standing and settled readily after shaking. 
A pH value of 8 was arbitrarily chosen as the end point of the titrations; 
but, as may be seen in Curve 5, Fig. i, a deviation of several tenths of a 
pH above or below this value make no measurable difference in the volume 
of alkali as read from the curve since the latter is practically vertical through¬ 
out the region of pH 6.5 to 8.5. 

In Table I are listed the results for the samples which were titrated. The 
alkali required was decreased when time was allowed to reach equilibrium. 
All the end-points are closely concordant and in excellent agreement with 
the theoretical requirement of 1.50 moles corresponding to the precipitation 
of the 1:3 basic salt. That the time of standing and amount of stirring had 
no effect indicates that all samples had reached equilibrium. 


Table I 

Alkali required to precipitate Copper Ions from Solution 
(1.50 moles required for 1:3 basic salt) 


Number Salt 
of used 

Sample 

Normal¬ 

ity 

Time of 
Standing 

Treatment 

Moles 

NaOH 

added 

initially 

Total moles 
NaOH 

I 

Trichlor- 

0.48 

20 hours 

constant stirring 

1.461 

T -493 

2 

acetate 

0.48 

20 hours 

occasional shaking 

1.461 

1.502 

3 


0 40 

20 hours 

constant stirring 

1.461 

I • 505 

4 


0 40 

20 hours 

occasional shaking 

T.341 

1-497 

5 

yy 

0.40 

20 hours 

yy 

yy 

1.381 

1-497 

6 

yy 

0 40 

12 days 

yy 

yy 

1-345 

1-495 

7 

yy 

0.10 

20 hours 

yy 

yy 

1.480 

1.500 

8 

yy 

0.10 

8 days 

yy 

yy 

1446 

1.494 

9 

yy 

0.075 

20 hours 

yy 

yy 

1-453 

1-497 

10 

yy 

0.075 

8 days 

yy 

yy 

I -453 

1.492 

II 

yy 

0.05 

20 hours 

yy 

yy 

1-455 

1-503 

12 

yy 

0.05 

8 days 

yy 

yy 

I .460 

1.500 








1.498 (Av. 

20 

chlorate 

0.40 

20 hours 

yy 

yy 

1-333 

1-586 

21 

yy 

0.40 

4 days 

yy 

yy 

1-434 

I -593 

22 

yy 

0.40 

9 days 

yy 

yy 

1-384 

1-590 

23 

yy 

0.10 

20 hours 

constant stirring 

1-333 

1-633 

24 

yy 

0.10 

20 hours 

occasional shaking 

I- 47 S 

1-634 

25 

yy 

0.10 

20 hours 

yy 

yy 

1.490 

1.636 

26 

yy 

0.05 

20 hours 

yy 

yy 

1.466 

1.682 

27 

yy 

0.05 

20 hours 

yy 

yy 

1-536 

1.698 
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Copper Chlorate 

Titrations were carried out by methods A and B as described in the case 
of the trichloracetate. With the chlorate the E.M.P\ readings showed 
almost no drift, and as a result, the horizontal portions of the curves 1-3 
obtained by method A shown in Fig. 2 were more easily reproducible 
than were the corresponding portions of the trichloracetate curves. Curves 
i~3 have breaks in the region between 1.5 and 2.0 moles of alkali. It is 
worthy of note that the initial concentration of the copper chlorate has a 



Fig. 2 

Copper Chlorate (Direct Titration), i, o.oi N.; 2. o.io N.; 3, 0.4 N. 


marked effect on the position of the break, a larger amount of alkali being re¬ 
quired for the more dilute solutions. A 113 basic copper chlorate has been 
reported by Sabatier.^ It is probable that the precipitate obtained under the 
conditions described above is a mixture of this 1:3 basic salt and copper 
hydroxide. 

An attempt to get more definite evidence for the presence of the 113 salt 
by using Method B was not successful. Less alkali was required for this 
delayed titration than for the direct titration by method A. For example, 
the 0.4 normal solution required approximately 1.7 moles by method A (see 
Fig. 2), and 1.59 moles by method B (see Table I). However, the amounts 
required for different dilutions were not in agreement and even in the case 
of the most concentrated solution, considerable more than 1.5 moles was used. 
Hence no conclusion can be drawn from these data about a definite basic salt. 

^ Sabatier: Compt. rend., 125 , 104 (1897). 
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Copper Acetate 

The occurrence of an inflection at about 1.75 moles in Curve A, Fig. 3, 
obtained by method A for 0.4 normal copper acetate indicates that the pre¬ 
cipitate is even more basic in nature than was the one from a copper chlorate 
solution of the same concentration. The gradual slope of the inflection was 
evidently due to the partial decomposition of the basic acetate at first pre¬ 
cipitated. Britton has cited a similar case in the precipitation of magnesium 
by alkali.^ Titrations by method B showed that there was a demonstrable 
though rather small diminution in the amount of alkali required if compared 
to method A. 

Slow Titration: Since methods A and B gave unsatisfactory information 
about the composition of the precipitate, a third method of titration was 
tried. To equal samples of the copper acetate solution (0.4 N) were added 
quantities of alkali varying from about o.i mole up to 2.0 moles per mole of 
copper salt. From these samples, kept at 30®C for many days, portions were 
removed from time to time to determine their pH. Care was taken to shake 
well before removal of a given portion to insure no change in the relative 
amounts of solution and precipitate. This method gave the same results as 
would an extremely slow titration in which several days or weeks were 
allowed for establishing equilibrium after each addition of the alkali. It was 
suspected that, by this rather tedious type of titration, some inflection might 
be found corresponding to the precipitation of a basic copper acetate. 

The rather unexpected results of the slow titration, though difficult to 
interpret, seemed sufficiently striking to be worthy of reporting. They are 
shown in Fig. 3. The experimental work necessary for the data of Fig. 3 was 
repeated three separate times, so there can be no question about the existence 
of the phenomena involved. 

Compared to curve A obtained by direct titration, it is seen that there has 
been a decrease in pH all along the curve after standing one day (Curve i). 
Up to about 1.25 moles the amount of this decrease in the first day is relatively 
small and is negligible after that time. Beyond 1.5 moles the decrease is 
great. Moreover, a maximum occurs in the curve just above 1.5 moles pro¬ 
ducing the anomalous effect that a solution to which more base has been 
added is actually more acidic. This maximum gradually flattens out with time 
as shown in Curve 4 taken after 49 days. Readings taken after 118 days (not 
shown on the chart) differed very little from Curve 5. It was not practicable 
to carry the experiment beyond that point. The final sharp inflection of the 
curves corresponds quantitatively to the precipitation of copper hydroxide.^ 

Similar results were obtained from copper chlorate and copper sulphate 
by this method of extremely slow titration. In both cases up to the 1.5 moles 
point the pH values changed little upon standing, but changed greatly be¬ 
tween 1.5 and 2.0 moles of alkali. In this region, the solutions were at first 

1 H. T. S. Britton: ‘^Hydrogen Ions,” p. 255. 

2 A new method by Shiptalskii, Katzen and Klyachko, [J. Russ. Phys.-Chem. Soc., 
61, 1497 (1929)]., for the estimation of acetic acid in neutral and basic copper acetates has 
been based on the precipitation of copper oxide from hot solutions of copper acetate by 
sodium hydroxide. From hot solutions the dehydration would occur much more rapidly. 
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strongly basiC; but changed to a pH of 5-7 when allowed time. In the case 
of the chlorate a sharp maximum occurred just above the 1.5 moles mark. 
With the sulphate, the curve suddenly changed direction at the 1.5 moles 
point becoming almost horizontal. 

Although the significance of these curves is not obvious, the presence of 
the maxima is apparently connected in some way with the dehydration of 
the precipitated copper hydroxide or basic salt which could be detected by the 
blackening of the precipitate. There was no blackening of the precipitates in 



Fig. 3 

Copper Acetate. A—Direct titration. (1-4—Slow titration), i, i day; 2, 4 days; 
3, 21 days; 4, 49 days. 

Curve A. On standing, however, those precipitates from the solution to 
which the greater amounts of alkali had been added gradually darkened, and 
as time went on the precipitates from samples to which less alkali had been 
added began to turn dark. The maximum in curves 1-4 gradually moved to 
the left with time; it was observed that the blackening of the precipitates 
roughly kept pace with the maximum, precipitates from samples represented 
by points to the right of the maxima being darkened and those by points to the 
left remaining blue in color. The appearance of the maxima near the i. 5 moles 
point suggests the presence of the 113 basic copper acetate. So far as the 
author is aware, no such salt has been reported although basic acetates of 
composition 2:1, 1:1, and 1:2 have been described.^ 

General Discussion 

From the results of this paper and the previous paper by Hopkins and 
Beebe,2 it is apparent that under favorable conditions a definite i :$ basic salt 

1 lof, Kobrin and Klyachko: Zhur. Prikladnoi Khim., 3 , 336 (1930)- 

* loc. cit. 
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is precipitated from solutions of copper sulphate, chloride, nitrate, and tri- 
chloracetate by addition of alkali, and that less stable basic salts, probably of 
1:3 composition, are likewise precipitated from solutions of copper chlorate 
and acetate, although the evidence for the composition of the latter is not to 
be considered conclusive. Certain generalizations can be drawn from the 
data at hand. 

All the basic salts are unstable in presence of excess alkali, probably re¬ 
acting to form copper hydroxide. The order of this instability varies with the 
different salts, basic copper acetate being the least stable. The latter is so 
unstable that even in the direct titration it reacts rapidly with hydroxyl ions 
at relatively low concentrations with the result that the inflection in the 
titration curve is gradual and almost two moles of alkali, corresponding to 
the precipitation of copper hydroxide, are required to make the solution 
alkaline. (See Curve A, Fig. 3). Basic copper chloride, on the other hand, 
is so stable that it is necessary to reach a relatively high concentration of 
hydroxyl ions before appreciable rapid decomposition of the basic salt occurs, 
with the result that a sharp inflection is found at the 1.5 moles point. 

The tendency toward decomposition of the basic salt is apparently in¬ 
creased by dilution. This is most noticeable in the case of the nitrate and 
chlorate and is easily explained by the increased tendency toward hydrolysis 
of the basic salt in more dilute solution. A comparison of the direct titration 
curves for copper nitrate and copper chlorate, shows that the basic nitrate is 
the more stable of the two since for solutions of the same initial concentration, 
say o. I normal, more alkali is required in the case of the chlorate. 

On standing in the presence of excess copper salt solution, copper hydroxide 
tends to react to form the i :3 basic salt, as shown experimentally by the re¬ 
sults of method B in this paper and of the so-called ‘^effect of prolonged 
stirring,^' in the previous paper. Here it is found that cupric chloride and 
sulphate react most readily with copper hydroxide to form the basic salt, and 
cupric acetate least readily. 

By comparison of the relative tendencies of the copper salts to react with 
copper hydroxide and of the basic salts to be hydrolyzed or to react with excess 
hydroxyl ions, the basic salts of copper which have been studied may be listed 
in the following order of stability: chloride > sulphate > trichloracetate > 
nitrate > chlorate > acetate.^ 

Summaiy 

1. Electrometric titration curves are shown for copper trichloracetate, 
acetate, and chlorate with sodium hydroxide. 

2. Evidence is presented for the formation of a definite i -.3 basic copper 
trichloracetate, Cu(CCl3COO)2.3 Cu(0H)2.xH20 not previously reported. 

3. The order of stability of the basic salts of copper thus far studied is 
chloride > sulphate > trichloracetate > nitrate > chlorate > acetate. 

The author^s thanks are due to Howard Jones and Stewart Seass who 
checked a part of the experimental work reported in this paper. 

^ The position of the sulphate relative to the chloride is rather uncertain owing to the 
complicating tendency to form a i :2 basic copper sulphate. 
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Science in Action. By Edward R. Wetdlein and William A . Hamor. 23 X 15 cm; pp. 
via + 310. New York: McGraw-Hill Book Companyy 1931. Price: 33.00. “In essence, 
the work is an attempt at an explanation of scientific management in the industries— 
management that is compatible with both correct business administration and sound 
scientism and is in opposition to empiricism. We do not regard scientific management 
merely as the sentinel of technology: we look upon such management as the field-marshal 
of the industries and upon industrial research as the intelligence department of this in¬ 
dustrial leader. We have not made any special effort to write anything strictly new or 
distinctly original. In our desire to prepare a reliably informative and easily readable book 
of definite type, we have drawn freely upon all available sources of fact and are therefore 
greatly indebted to the views presented to the eye from many peaks in the mountainous 
literature of science and technology,” p. vi. 

The book is divided into six parts, entitled: the past and present conditions of industrial 
research; science and human welfare; science in the industries; science, the pilot of technol¬ 
ogy; scientific management and rationalization; industrial-research methods and men. 

“It has been found at Mellon Institute that the weight of solids per i,ooo cubic feet of 
air is about twice as great in smoky weather as in clear weather. It has been concluded 
from research conducted there that the presence of dust or smoke particles in the atmosphere 
by decreasing the transmissibility for light and heat, tends to raise the minimum tempera¬ 
ture, lower the daily range of temperature, and, in the case of a very dense cloud, to diminish 
the maximum temperature. The presence of smoke and dust in the air is believed to in¬ 
crease the probability of the formation and maintenance of fog, and the tarry substances 
from smoke make city fogs more opaque and hence more persistent than country fogs, 
thereby reducing the hours of sunshine. Both the direct and diffuse solar radiations that 
filter through a city smoke cloud are very low in the hygienically valuable ultraviolet 
radiation,” p. 75. 

“The subject of sleep is receiving thorough attention by the Simmons Investigation at 
Mellon Institute. H. M. Johnson and the other scientists engaged in this research tell us 
that, during sleep, something seems to be made or stored in the cells of the body, the reserve 
supply of which is very small. The maintenance of nourishment and growth in children, 
the repair of bodily tissues destroyed in the course of the day’s activities in persons of all 
ages, the repair of waste occasioned by disease, and the establishment of immunity, or de¬ 
fense against disease, require adequate sleep for their accomplishment. It has been found 
that the consequences of sleep-starvation very closely resemble the results of partial depri¬ 
vation of air, of want of food, and of intoxication by narcotics, such as alcohol. 

“In the modern city we cannot control the lights, the noises, or even the temperature, 
and hence we must seek our rest under external conditions that are not at all favorable. 
On the other hand, as the demands of work, business, and society become more exacting, 
the need of adequate attention to sleep and rest is steadily increased. Several cities are 
inquiring into the practicability of minimizing unnecessary noise. But a noise that disturbs 
the sleep of one person at a given time may actually enhance the sleep of another; and even 
the first person, by changing his attentional habits, may come to use it as a means of 
intensifying his sleep. Deaf people as a class do not rest more quietly than normal 
people,” p. 76. 

“Chemistry has given many innovations to packing-house technology. For example, it 
has made the smoke of hickory bark available in liquid form, so that sausages or other 
meat products, instead of being ‘smoked’ for several days or weeks, are very quickly pre¬ 
served by immersion in this ‘condensed smoke,’ which is prepared by distilling wood. The 
chemical principles of this form of preservation are the same by both methods. Another 
interesting discovery in the meat-packing industry relates to the pickling process. It was 
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formerly thought that, when hams and bacon were pickled by saltpeter, the latter effected 
the preservation of the meat. Research has revealed, however, that the essential preserva¬ 
tive is not the saltpeter itself, but a small amount of sodium or potassium nitrite, which is 
formed from saltpeter by the action of bacteria. Consequently sodium nitrite is now being 
used instead of saltpeter in amounts not exceeding 200 parts per million in the ffnished 
product. This new process is cheaper and more easily controlled than the original pro¬ 
cedure,” p. 85. 

“There seems to be a natural law that regulates the advance of science. Where only 
observation can be made, the growth of knowledge creeps; but where experiment can be 
carried on, knowledge leaps forward. The influence of this law is especially evident in the 
history of medicine, wherein it is apparent from recorded fact that real medical progress 
comes from the growth of accurate knowledge as it is gleaned in the laboratories of science. 
The observation and description of diseases by physicians over many centuries led to little 
actual advancement. The experimental method, completely and generally followed only in 
the last several generations, has induced more progress in each decade of its application 
than all earlier work. This method has headed medicine towards the stage of an exact 
science,” p. 87. 

“A statement that is frequently seen in print is that, during the last quarter of a century, 
from ten to twelve years have been added to the average expectancy of life. This statement 
is statistically correct, but is generally misunderstood. It does not mean that ten years 
have been added to the expectancy of life at all ages, but that ten years have been added to 
the average expectancy, which is very different, indeed. This increase in the average ex¬ 
pectancy of life is due almost entirely to a greatly diminished mortality rate during the first 
few years of life, so that many more individuals live to adult age. There has been practi¬ 
cally no increase in life expectancy of those fifty years of age or over,” p. 97. 

“Scientists are trying to speed up plant growth by chemical treatment. In recent years, 
in fact, the use of certain organic chemicals as plant stimulants has attracted much atten¬ 
tion. It has been found, for example, that the gaseous hydrocarbon ethylene, produced 
from natural gas, will change the color of citrus fruit from green to yellow. As a result of 
this work, carload lots of oranges, lemons, and grapefruit can be easily treated to give the 
color desired for table use. One cubic foot of ethylene per 1,000 cubic feet of space is used 
commercially. It is said that the treatment does not have a deleterious effect on edible 
portions of the fruit and that it apparently acts by stimulating life activity. The green 
color of the stalks and leaves of celery can be removed by blanching with ethylene. This 
gas also hastens the growth of tomatoes and accelerates the ripening of bananas,” p. 106. 

“It has been estimated that chemistry has thus added over $10 to the value of the crop 
for every bale of cotton grown. Cottonseed and its byproducts are now contributing about 
$275,000,000 annually to the national welfare through the aid of the oil miller and refiner 
and the chemist. David Wesson, the leading authority in this field, predicts that the value 
of the cottonseed crop will ascend to $500,000,000 a year when processes for obtaining more 
oil from seed and for making products of the residue are put into general practice,” p. no. 

“If additional proof is needed of the economic value of scientific research in sugar tech¬ 
nology, it may be found in the achievements of a western sugar company in the recovery of 
first-grade sugar from molasses of an inferior grade. The best price obtainable from cattle- 
feed mixers and yeast manufacturers for this molasses was about $10 a ton. As the annual 
output by the largest of our beet-sugar companies, itself constituting about 48 per cent of 
our total beet-sugar production, is 45,000 tons of molasses that is 46 per cent sugar, it is 
obvious that the prize held out was of attractive magnitude. That the problem has been 
solved is demonstrated by the fact that the company is now salvaging about three-fourths 
of the sugar originally held by this ‘discard’ molasses, the salvaged sugar being sufficiently 
pure to be used in making fondant, for cream centers of confections. Of the residual prod¬ 
ucts the mother liquor offers possibilities for further recoveries of salts and amines that are 
usable industrially, and the final molasses residue—about 9 per cent of the original mass— 
yields that most interesting sugar, raffinose. A characteristic of the latter is its ability to 
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retard the crystallization of sugar solutions, which makes it of interest to the candy manu¬ 
facturer. It now sells for $i6o a pound; and we are told that if sufficient demand for 
it were to render quantity production feasible, the price would drop to approximately $3 a 
pound. The work of the research department has therefore justified itself handsomely. 
From each hundredweight of the original substance, worth 50 cents, there is being reclaim^ 
35 pounds of sugar, worth $1.75, to which is to be added the income from potassium salts 
and amines, and the even more valuabJe raffinose,” p. 112. 

**A waste utilization of more popular interest has been reported from one of the large 
Holl3rwood motion-picture laboratories, which has lately turned its tanks of old developing 
solutions into a silver mine yielding $6,000 a month. The emulsion on undeveloped film 
consists largely of silver, combined with bromine as silver bromide. When developed, the 
sUver bromide that has been exposed to light changes to metallic silver. In the fixing bath, 
the unchanged silver bromide is dissolved out, leaving clear spaces where the film was in 
darkness. Every pound of silver bromide contains over nine ounces of silver. Though 
miles of film are run through the solutions weekly, and they contain large quantities of 
silver, they were formerly thrown into the sewer when their power was exhausted. Now, by 
a simple chemical process, the silver is recovered and sold to the U. S. Mint at San Francisco. 
Old film is also burned to win back the silver, and sometimes yields as much as $1,000 
worth of silver in a month in addition. One million feet of waste movie film is said to yield 
800 ounces of silver,” p. 158. 

”One of the recent scientific discoveries is a fish-scale substitute for making pearl 
Celluloid. It has the characteristics of fish-scale at about one twenty-fifth of the cost,” p. 168. 

”For many years emulsion makers had observed that certain gelatins were satisfactory 
and others were unsatisfactory for photographic use. A few years ago it was found that an 
extract could be prepared from a good gelatin which, on addition to a relatively inert gelatin, 
made it photographically active. An extensive investigation was then begun by the Kodak 
Company’s manufacturing department. The entire process of gelatin manufacture was 
subjected to a thorough analysis. Hides, bones, cereal preparations, and many other sub¬ 
stances were examined. Finally it was shown conclusively that a derivative of mustard oil, 
called allyl thiocarhamidey was the sensitizing substance. Its presence in minute concentra¬ 
tions of I part in i ,000,000 to i part in 300,000 was shown to be the cause of the suitability 
of certain gelatins for use in photographic emulsions,” p. 169. 

In 1916 Erwin 0 . Freund established at Mellon Institute of Industrial Research a 
fellowship, the purpose of which was to produce a synthetic casing. “Freund was en¬ 
gaged in the sausage-casing business and early saw the need of a synthetic product that 
would at first supplement, and ultimately replace, the only partly satisfactory animal con¬ 
tainers. This fellowship was in almost continuous operation for ten years. Freund’s faith 
in scientific research was of a most unusual type, as was shown by his persistence even after 
very unpromising results had been obtained over a period of several years. Even in the 
face of apparently certain failure of the investigations, Freund *knew it could be done and 
the right chemical combination would do it.’ His patience and confidence in research did 
not go unrewarded, for at the end of the tenth year a casing that met the requirements 
was produced by W. F. Henderson and H. E. Dietrich, the fellowship incumbents,” p. 173. 

“Triethanolamine is another interesting member of this family. It resembles ammonia 
somewhat, but is highboiling, not volatile, practically odorless, and slightly viscous. It 
forms neutral soaps with the fatty acids which are equal in many respects to sodium and 
potassium soaps and superior to them for certain purposes where neutrality is essential. 
Triethanolamine soap is a strong emulsifying agent and efficient spot remover. But tri¬ 
ethanolamine per se is equally as important as its soaps, being useful in the dyeing industry 
as a solvent for such colors as indigo and vat and sulfur dyes. Monoethanolamine, a similar 
compound, is being employed for dehairing hides and for degumming silk,” p. 191. 

“The soap consumption of out country has been lifted by the introduction of such spe¬ 
cialties as *flakes,’ ^beads,’ and ‘snow.’ Soaps are being used in ‘breaking’ oil-field emulsions; 
common salt is sold to improve whitewash; sulfur is marketed as a fertilizer; mercury is 
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employed in turbine-boilers to generate power; water glass is used to prevent corrosion in 
hot-water supply systems; com starch is utilized to protect calcium phosphate from moisture 
in phosphate baking powders; and licorice is a constituent of hre-extinguishing froths, 
which it stabilizes. With the facts supplied by biological research, yeast and citrus fruits 
are no longer merely things to employ in cooking—they are now sold as aids in the pro¬ 
motion of health. Irradiated yeast, dried milk, farina, and margarin have lately been 
introduced,*' p. 209. 

^Industrial-research laboratories are chiefly staffed by scientists of the anal5rtic group. 
The directors of these laboratories therefore must depend mostly on the investigational 
power of well-trained, ordinary men, or mediocrists. Only rarely are they able to invoke 
the aid of scientists who can provide new ideas, because these specialists are extremely 
hard to get. 

“We now come to this group of the very fortunate few in whom the value of the idea 
surpasses all questions of method. Theirs are the intellects which are so endowed as to 
perceive and grasp the subtile relations which exist but of which the average mind is not 
aware. An idea arises in such a great mind which ^may be a sort of intuitive anticipation of 
successful research.’ From these few, and from these only, may we expect great and strik¬ 
ingly original contributions to science and technology. That they must use the methods 
common to all investigators in establishing the tmth of their ideas is, of course, understood, 
but the place of method in their lives is secondary to the idea.. 

“The mental differences between men are tenfold greater than their bodily differences. 
It is principally in mind that individuals differ, and the real boundaries between men are 
not varieties of speech or color but varieties of mind,” p. 287. 

Wilder D. Bancroft. 


Lehrbuch der chemischen Physik. By Arnold Eucken. 23 X 16 cm; pp. xm -f 1037 . 
Leipzig: Akademische VerlagsgeselUchafiy 1930 . Price: 54 marks; hound 56 marks. This is 
the third edition of the author’s “Grundriss der physikalischen Chemie” with a new title. 
The author points out that in the last five years chemistry has developed in the direction 
of pure physics to such an extent that a change in the title appeared desirable. 

The book is divided into two parts: the chemical-physical phenomena from the stand¬ 
point of the theory of heat; and the structure of matter. In the first part the next sub¬ 
divisions are: general fundamentals of the theory of heat, simple systems (pure substances), 
and complex systems (mixtures and solutions). Under structure of matter the three sub¬ 
heads are atoms, molecules, and crystals. 

“One characteristic feature of the pure theory of heat consists in its being divided into 
two sharply differentiated fields which differ fundamentally in their method of attacking 
a problem though not very much in regard to the problems to be solved. 

“The first method, which we are wont to call the thermodynamic method, depends on a 
formulation of two very general laws or principles, which rest on a broad empirical founda¬ 
tion and which may be considered as absolutely accurate over a very wide range. These 
are the law of the conservation of energy (the first law of thermodynamics) and the principle 
of Carnot and Clausius (the second law of thermodynamics). By combining the conse¬ 
quences of these principles with phenomena showing empirical regularities, it is possible to 
deduce new relations, very frequently ones which are difficult to deduce experimentally. 
The advantages of this method, whose importance for practical pur]:)oses can scarcely be 
over-estimated, lies in the absolute trustworthiness of the results. Of importance is also 
the possibility of developing a definite technique whereby the expert can solve numerous 
problems almost automatically. On the other hand the thermodynamic attack has the dis¬ 
advantage of not giving any deep insight into the concrete mechanism of the processes 
and therefore fails with many problems to solve them completely. 

“The complement to the thermodynamic method is the kinetic method. It is true that 
one as a rule leaves temporarily the firm foimdation of experience and tries by means of 
hypotheses and more concrete or more general mental models to account for and to corre- 
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late the directly observed special processes. The process is very easy to understand. The 
results are somewhat less certain than those of the thermodynamic method because of the 
use of hypotheses; but the degree of uncertainty varies very much from case to case. If 
one introduces a hypothesis ad hoc in order to account for a single phenomenon, one would 
naturally ascribe but a small degree of probability to it because of the possibility that 
other hypotheses might serve equally well. If, however, a single hypothesis accounts for 
a relatively large number of phenomena both qualitatively and quantitatively, it is im¬ 
probable that one can find a second hypothesis which can compete with it. A hypothesis 
loses more of its originally uncertain character, the greater the number of phenomena 
which it can explain and comes in time more closely to being an unquestioned, although 
only indirectly accessible, empirical law. Fortunately it is in exactly this way that the 
actual (more general) basic assumptions of the kinetic theory have received their justifica¬ 
tion in the last decades,’* p. 5. 

The Nernst heat theorem is stated as follows, p. 57: ^‘For reactions between solids and 
liquids, that A-curve is the right one which is absolutely horizontal at the absolute zero.” 
“While the Nernst heat theorem is not absolutely accurate even for condensed systems and 
cannot therefore be put in the same class with the first two laws of thermodynamics, its 
practical usefulness is not decreased thereby,” p. 59. “The inadequacy of the classical 
theory of heat is particularly evident if one considers a diamond in an atmosphere of hy¬ 
drogen or helium at 20® abs. If one supplies heat energy to the system, it will be taken up 
only by the gas molecules, because the atomic heat of the diamond is practically zero.” p. 141. 

Bridgman’s data on ethyl ether show that there is no possibility of defending the assump¬ 
tion by Tumlirz and Tammann that at very high pressures liquids pass into an ideal limit¬ 
ing state, p. 182. The accuracy of the assumption by Mathias of a rectilinear diameter 
for liquid and vapor is so great that one can determine the critical volume more accurately 
in this way than by direct measurement,” p. 214. 

The “inversion point” for iron at about 770° is* not sharp and even with the purest 
materials the heat effect is noticed over a temperature range and not at a single temperature. 
“On the basis of these facts there can be no phase change in the sense of the phase rule 
at the Ai point because the essential condition for discontinuity is lacking. As a matter 
of fact Westgren examined the structure of iron by means of X-rays and found no change 
in the crystal structure on passing through that point, while such a change must have 
occurred if there had been a real phase change of a one-component system since it is impos¬ 
sible in a one-component system to imagine two different phases with the same molecular 
structure. The heat effect on passing through the Ai-point therefore has no significance 
for the phase rule. It represents merely an anomaly in the atomic heat which has nothing 
to do with a phase change.” p. 318. 

The author says, p. 326, that the experiments to determine the degree of solvation of 
the ions have led to values which differ widely among themselves. On p. 334, the author 
points out that a necessary condition for Nernst’s distribution law to hold is that the 
substance in question behaves like an ideal gas in both phases at the concentrations studied. 
This limitation makes it impossible to work over a range in which there can occur any 
marked increase in miscibility of the two hypothetically non-miscible liquids. 

The author evidently belongs to the Nernst school and not to the Ostwald school, 
because he calls methyl orange, very properly, a weak base, p. 399. Owing to the abnor¬ 
mally high molecular lowering of the freezing-point with cylohexanol as solvent, the varia¬ 
tions from the theoretical are quite different for lithium chloride in cyclohexanol from 
lithium chloride in water, p. 408. On p. 457, it is clearly implied by Fig. 91a that one 
must treat a dissolved solid as a liquid, though this is not mentioned specifically. On p. 
460 the author states that the water in a twenty percent calcium chloride solution may be 
considered as being under a pressure of one thousand atmospheres. When charcoal is acti¬ 
vated by steam at 800®, its power of adsorbing organic substances is increased enormously; 
but there is relatively little change in its capacity to adsorb argon, p. 473. 

Thiosulphate ion is oxidized by hydrogen ijeroxide to tetrathionate in presence of iodine 
ion and to sulphate in presence of molybdic acid, p. 603. Htickel considers that the reaction 
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velocity constant is a function of the molecular dipole moment of the solvent. The author 
accounts for the decomposition of phosgene being a function of the square root of the con- 

concentration of the chlorine, p. 607, by postulating the reactions: COCI2 -f Cl-►-CU 

CO, Ch —►■CU + Cl, 2CI—>-Cl2. On p. 624 is the statement that certain reactions, 
such as the formation of hydrogen sulphide seem, to occur according to different mechanisms 
at different temperatures. In so far as there are heterogeneous reactions, it is probable 
that there is a difference in the type of adsorption, as postulated by H. S. Taylor in the 
June number of the Journal of the American Chemical Society. 

^^Beutler and Josephy showed that under certain circumstances the chemiluminescence 
of mercury causes the emission of lines whose energy of excitation is considerable, some¬ 
times twice as large as the energy becoming free in the single elementary reactions. One 
must therefore postulate the coupling of the energies made available by at least two reac¬ 
tions,’^ p. 747. 

The conditions for the formation of a chemical compound seem quite simple, p. 917. 
*The formation of a molecule always occurs if the electrons of the two single atoms are 
able by combining to form a more stable configuration.” ‘‘An atom has as many free 
valences as it has electrons which do not belong to a doublet group,” p. 919. 

According to Heitler and London, “the phase-waves of the two hydrogen atoms are deci¬ 
sive for the behavior of the electrons, as elsewhere in wave mechanics. To give a better 
picture let us consider their oscillations with reference to the oscillations of two pendulums. 
If the pendulums are infinitely far apart, each swings without disturbing the frequency 
of the other. If they are brought closer together we assume that a mutual coupling takes 
place in consequence of the electrostatic forces. The system now constitutes a double 
pendulum, the theory of which is discussed in detail in mechanics. The feature of it, essen¬ 
tial to this particular case, is that the two pendulums, when coupled, throw each other 
out even when the natural frequencies are identical, and there are then present two fre¬ 
quencies, one of which is in general larger and the other smaller than the original frequencies. 
If we apply this conception to the phase waves of the two electrons, we deduce the existence 
of two frequencies,” p. 938. 

On p. 943, w^e have the empirical generalization that formation of double molecules 
or association to larger complexes is tied up to the presence of dipole moments. Water, 
acetone, and the alcohols, have relatively large dipole moments. 

In strongly polar crystals, the lattices must be built up either of atoms or of ions. The 
following facts show that we are dealing with ions. “The thermal frequencies of the ele¬ 
mentary components of the salts can be detected electromagnetically by the so-called 
residual rays, which is only conceivable in case of ionization. Experiment confirms quanti¬ 
tatively the calculation of the so-called lattice energy on the assumption of complete 
ionization. The intensity of the Rdntgen rays scattered (and absorbed) by the atoms 
depends upon the number of electrons in the outer ring. ... In the case of lithium fluoride 
Debye and Scherrer have shown that the reflected intensities are consistent with the 
assumption that the lattice components are ions,” j). 963. 

While there is a great deal to be said for the assumption that inside a metal there is 
a relatively larger number of electrons which are detached from atoms and practically 
free to move, the author considers it probable “that the assumption is not accurate that 
the electrons inside a metal are completely free. Wc must therefore take into account an 
always present, more or less strong, coupling with the atoms, somewhat in the way postu¬ 
lated by Bloch,” p. 1001. 

There are a great many good things in this book, which the reviewer expects to utilize 
in his lectures, such as the data: for the Ramsay and Young rule, p. 232; for the change 
of melting-point with pressure, p. 238; for the dissociation constant of nitrous oxide, p. 
269; for the percentage dissociation of calcium into ions and electrons, p. 301; for the mole¬ 
cular lowering of the freezing-point, p. 344; for the variation of the dissociation constant 
of water with the temperature, p. 378; for the heats of neutralization of acids and bases, p. 
380; for the heats of adsorption of gases by charcoal, p. 471; for the solvation of some ions, 
p. 542. There are also many helpful cuts: the change of atomic heats with temperature, 
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p. 128; the change of dissociation with Kp/p, p. 268; the change of the dissociation constant 
of iodine with the temperature^ p. 281; the change of dissociation of iodine vapor with 
temperature and pressure, p. 298; the activities of succinic acid in presence of alkali halides, 
p. 451; the reaction velocity curves for the formation and decomposition of hydriodic acid, 
p. 596; and the change of rate of decomposition of hydriodic acid with the tempera¬ 
ture, p. 599- 

While there are many good points about this book, there are also many passages which 
the reviewer believes should have been worded differently. A debatable point is the use 
of the term Loschmidt number, p. 71, instead of the more usual Avogadro number. On 
p. 176 the author says that because of the van der Waals forces the concentration of a gas 
will be lower in contact with the containing vessel than in the mass of the gas. The author 
has overlooked adsorption. Actually, the adsorption gradient is the reverse of what he 
assumes. On p. 182 the author says: ^‘One consequence of the surface tension of ordinary 
glass is the phenomenon that the zero point of a thermometer rises in the course of time. 
The thermometer bulb contracts for the same reason that a soap-bubble does.” In the 
discussion of Trouton’s law, p. 129, there is no mention of Hildebrand^s work, though 
Harteck is cited in a foot-note. 

On p. 317 the author says that it is wrong to speak of a liquid phase and a vapor phase, 
because one passes continuously into the other above the critical temperature. On p. 
330 is the statement that Morse’s introduction of weight concentration instead of volume 
concentration in osmotic pressure calculations was purely empirical. That is true so far 
as Morse is concerned; but van’t Hoff had been perfectly clear that the volume occupied 
by the solvent was the important thing and not the volume occupied by the solution. As 
van’t Hoff said, these do not differ appreciably in the case of very dilute solutions. On p. 
358 the author says that it is very hard now to understand why Kohlrausch’s law of the 
independent migration of the ions did not lead at once to the theory of electrolytic disso¬ 
ciation. This shows a curious inability to recognize other people’s view-points. Kohl- 
rausch formulated his law in 1873. When Arrhenius came out with the theory of electrolytic 
dissociation over ten years later, his view ’was not hailed with delight by the physicists. 
If it had not been for van’t Hoff’s explanation of the results of Pfeffer and Raoult, and for 
the marvellous skill of Ostwald as an expounder, the acceptance of the Arrhenius theory 
might have been delayed a long time. It was perfectly easy to see in 1873 that electrolytic 
dissociation, as we now understand it, was a possible explanation of Kohlrausch’s results. 
It was impossible to see that it was a probable explanation, let alone the explanation. 

On p. 368 is the statement that practically the only disturbing factor in dilute solutions 
of strong electrolytes is the mutual action of the ions. This is a probable assumption but 
it has never been proved and should not be stated as a fact. On p. 373 is the statement 
that hydrochloric acid must be practically completely dissociated up to about four-normal 
because the partial pressure of hydrogen chloride is practically zero in more dilute solutions. 
This is a possible explanation of the facts; but we should get the same result if the undis¬ 
sociated hydrochloric acid were practically completely hydrated. In the same way silver 
perchlorate would not pass appreciably from the w^ater to the benzene layer if the undis¬ 
sociated silver perchlorate were practically completely hydrated, as it may be. A man 
who poses as an exponent of exact theory should not fail to mention such possible sources 
of error. If he can prove that they are non-existent, so much the better; but one has the 
feeling that this was the silence of ignorance. 

So far as the reviewer knows there is no justification for postulating that double salts 
exist only in the solid form, p. 391. All that people have claimed hitherto is that they are 
broken down in solution sufficiently to give the ion reactions of the single salts, whereas 
potassium silver cyanide, for instance, does not give the ordinary reactions for silver as ion. 

Diagrams for partial pressures of consolute liquids are given on pp. 426-427; but no real 
attempt is made to show the significance of the variations from the ideal form. On p. 445 
we have a paragraph on the general treatment of non-ideal mixtures and solutions by the 
use of activity coefficients, where the activity coefficient is, as usual, the factor which makes 
the concentration agree with the requirements of the equation one wishes to use. 
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On p. 519, the single, potential differences as determined by Billiter and others are 
eliminated as having no bearing. Over-voltage is considered to be due, p. 584, either to 
monatomic hydrogen at the cathode or to supersaturation with molecular cathode. Simi¬ 
larly passivity is said to be due, p. 586, either to adsorbed monatomic oxygen or to an oxide 
film. He does not even point out that passive iron cannot be due to an adsorbed gas film 
because one cannot make a permanent break in an adsorbed gas film. 

The name of Grotthuss is mis-spelled on p. 718. An optical sensitizer in a photographic 
plate is said not to take part in the reaction and to sensitize the plate for the light which it 
transmits, three mistakes in seven lines. On p. 745 phosphorescence and fiuorescence are 
considered to be fundamentally different from the colors of salt fiames, because heating is 
not necessary. As a matter of fact the colors of salts in a Bunsen burner are due to chemi¬ 
luminescence and are not temperature effects in the ordinary usage of the term. 

It is perhaps superfiuous to add that the reviewer has not found any place in the book 
where the question is raised whether the properties of polymerized water molecules may 
differ from those of less polymerized water molecules except in the matter of density. We 
know experimentally that white phosphorus is quite different from the stable form; but 
we stop there. Wilder D, Bancroft. 

Lakes and Pigments. By A. W. C. Harrison. ^1 X lA cw; pp. xvi -f ^ 74 - London: 
Leonard Hilly 1930 . Price 16 shillings. In the general preface^ H. B. Cronshaw, the general 
editor says: “The present work belongs to a series of handbooks published under the general 
title of The Modem Chemical Industries Series. The aim of these books is to give a clear 
straight-forward description—written from a technical standpoint—of present-day manu¬ 
facturing operations and their scientific control.*^ 

Approximately the first fifth of the book is devoted to factory design and equipment, 
and the second to analytical and testing methods. The next division discusses Inorganic 
Pigments including chromate pigments, cyanide blues, chromate greens and other precipi¬ 
tated metallic pigments. The fourth division includes pigment dyestuffs and dye-coupling 
as well as pigments produced by dry blending in the edge runner mill. The final division 
includes chapters on bases, precipitants, lake colours from basic dyestuffs, lakes from 
xanthene derivatives, “Fanal’^ and “Brillfast” colours, lakes from soluble acid dyes, “Re- 
fiex” lakes, alizarin and madder lakes, and lakes from natural dyestuffs. 

“The object, then, of this book is to fill a distinct gap between manufacturers’ publications 
and the chemical textbooks, and offer the skilled chemist or technical man a reliable practical 
work of reference, from which he can compare and confirm his own knowledge and theories, 
and pick out additional practical hints from the experience of others. The book is intended, 
above all, to serve as a textbook for the junior chemist or technical man, to whom it should 
prove useful in furnishing actual details of work and enabling him to foresee and provide for 
many small difficulties which are encountered in the actual working of processes.” p. 2. 

It is a bit confusing to have the author adopt as his definition of Lake: “Any coloured 
substance, produced by the precipitation of an organic dyestuff, more or less translucent, 
insoluble in the particular vehicle in which it is to be used, and non-bl^ding in water.” 
This permits him to include a heading for lakes from soluble azo dyes and to define its thus: 
“This classification is adopted to describe those lakes which are produced from clear dye 
solutions by simple precipitation with a metallic salt, this being in the majority of cases 
barium chloride, although in a number of cases calcium chloride and occasionally aluminum, 
lead or chromium salts are used,” p. 215. The colored substance resulting from the use of 
barium chloride is not what most people call a lake and must certainly differ from that 
formed by aluminum salt with the same acid dye. 

The book as a whole is decidedly empirical in character and about as near as the author 
gets to any theory of the reactions which he describes is found in his treatment of the alizarin 
lakes. ''The alizarins belong to the ^mordant dyestuff’ class, and they owe this property 
to the presence of two hydroxyl groups in the i .2 positions of the anthraquinone molecule. 

“These are capable of forming with aluminum and calcium a very complex inner salt 
which is of great stability. Although many theories have been advanced as to the com¬ 
position of Alizarin lakes, the subject is still a matter of controversy. 
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‘^Liechti and Suida give the formula as AI2O2 •Ca0(Ci4Hj02)3H20. Apart from alumi¬ 
num and calcium, turkey red oil appears to perform a more than purely physical function 
and to enter into actual chemical combination with the alizarin.” 

Throughout the book are many formulas and methods of procedure for the preparation 
of large numbers of important colored substances. The book should prove of interest to 
those engaged in research in this field or to those actively engaged in “The Manufacture 
of Lakes and Precipitated Pigments,” which is the full title. Herbert L. Davis, 


Der Smekal-Raman Effekt. By K. W. F, Kohlrausch. 22 y, I4 cm; pp. viii + 392 , 
Berlin: Julius Springerj 1931 . Price: 32 marks. It is now over three and a half years since 
this effect was announced and few fields of physical enquiry have been so extensively 
studied by so many observers in such a limited time. At the present time taking the 
whole of scientific literature there is probably an average of three papers per week on this 
subject. Many of these publications are of experimental and routine observations, yielding 
numerical data for a variety of chemical substances. Some of this work will doubtless 
prove unreliable when familiarity with this effect brings a more leisured type of investi¬ 
gation to study it, and the incentives of priority and novelty have been displaced. The 
vast accumulation of data clearly calls for sifting and analysis. In this book Professor 
Kohlrausch has rendered investigators a great service. He has developed the whole subject 
from the beginning in a text-book style, dealing with both the theoretical and experimental 
sides of the subject. He has also collected together the experimental data and summarized 
it as far as possible. Finally, he has provided a bibliography of more than 400 of the 
principal papers on the subject. There is also a good name and subject index. The general 
arrangement of the book is briefly as follows. Chapter I introduces the historical back¬ 
ground against which this new phenomenon of light-scattering is best appreciated. The 
experimental technique is dealt with very adequately, and for substances in various physical 
states. Chapter III deals with characteristic rotation frequencies derived through the 
Raman effect. There follow a variety of important matters associated with the nature of 
the scattered radiations, their breadth, intensity, polarisation, etc., and a discussion of the 
factors modifying Raman spectra. The effect in relation to molecular structure is then 
systematically discussed for molecules of two, three, four, five* and more than five atoms. 
A number of interesting physico-chemical problems are considered in a later chapter. 
Finally the theoretical basis of light scattering are presented. 

The whole book is well arranged and well produced, and merits nothing but praise. 
As a pioneer work in this particular field its value to both physicist and chemist needs no 
emphasis. We have but one criticism to offer viz., that the price of the book is particu¬ 
larly high. Its costliness may place it beyond the reach of many who would wish to have it. 

R. C. Johnson. 


Errata 

V. K. La Mer, T. H. Gronwall and Lotti J. Greiff: J. Phys. Chem., 35, 2245 (1931). 
Not all the errors were corrected, p. 3103. 

P. 2251 eq. (18') should read Y*8(x) = i- f x® X3* (x) dx. 

x®Jo 

P. 2256 eqs. (3) (4) and (5). Insert 10* before [ JXaCx) — Y2(x)] 

and 10® before [|X8*(x) — 2 Y8*(x)]. 

P. 2283 Eq. (18). Insert lo® before [|X, (x) - 2Y8 (x)]. 

P. 2271 Eq. (10). Insert 10* before [JXa (x) — 2Y2 (x)] and 10® before 
(x) - 3Y3* (x)] and before [fXa (x) - 3Y8 (x)]. 

P. 2283 Eq. (18). In the third term Y2(x) should read io®Y2 (x). In the sixth term 
Y8 *(x) should read io» Y8*(x). 

P. 2284 Eq. (19). In the seventh term YaCx) should read 10® YsCx). 

Wilder D. Bancroft: J. Phys. Chem., 35, 3160 (1931). In Table IV, p. 3171 and Fig. 4, 
p. 3*73 change 30.9® to 39.9°. 

L. J. Gillespie and John H. Perry: J. Phys. Chem., 35, 3370 (1931). 

Lines 28 and 37, the figure 0.95 should read 0.095. 
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Compounds, cerium and iron, and insulin as inductors in oxidation reactions and the 

mechanism of induced reactions,. 2043 

Compounds, certain organic, oxonium salts of ortho-phosphoric acid with,. 1745 

Compounds, extra, effect of, on nephelometric titrations,. 2237 

Computation, current methods of, a critical review of,. 673 

Concentration, catalyst, the effect, the temperature coeflficient and effect of electro¬ 
lytes,.... 557 

Concentration, hydrogen ion, in gold sols, determination of,. 602 

Concentration, reagent, and the Walden inversion,. 1253 

Concentrations and colors of iron solutions,. 1666 

Concentrations, equilibrium, in adsorption from liquids, calculation of,. 2758 

Concentration,, sol, variation of density and relative viscosity with,. 412 

Concerning the physical properties of solutions of certain phenyl-substituted acids 

in relation to their bactericidal power,. 2049 

Conditions, optimum, for the formation of silica gel from alkali silicate solutions,.... 596 

Conductivities and dielectric constants of glucose and boron trioxide glasses,. 2103 

Conductivity, electrical, of solutions of sodium chloride and of other electrolytes, 

effect of pressure on the,. 2145 

Conductivity, size and shape, infiuence of, on cataphoretic mobility, and its bio¬ 
logical significance,. 289 

Configuration and rotation in the Walden inversion,. 1624 
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Congo red, effect of gelatin and salts on,. 972 

Consistency of viscous and plastic materials, influence of the proximity of a solid wall 

on the,... 1212 

Constant a, refractive index, for antitoxic globulins, the numerical value of the,. 1328 

Constant, dielectric, and structure of thixotropic sols,. 815 

Constants, dielectric, and conductivities of glucose and boron trioxide glasses,. 2103 

Constituents, colloidal, ultrafiltration as a test for, in aqeuous and non-aqueous 

systems,. 130 

Content, water, of benzene,. 1655 

Contributions to the chemistry of beryllium,.2465, 2492, 31 ii 

Cooling and shaking the analytical systems, the effect of,. 2581 

Copper coulometer, an accurate form of,. 2345 

Copper electrodeposited in the presence of gelatine, crystal structure of,. 3644 

Copper, electrodeposition of, in presence of gelatin,. 2585 

Copper oxide catalysis, hydrated, of sodium hypochlorite, promoter action of hy¬ 
drated magnesium oxide in the,. 915 

Copper quadrantoxide,. loi i 

Copper salts as light filters,.2383, 2391, 2401 

Copper salts, electrometric titration of, by sodium hydroxide,. 3677 

Coralline algae, wall structure and mineralization in,. 467 

Corrosion of iron, rdle of hydrocyanic acid vapors in the,. 893 

Coulometer, copper, an accurate form of,. 2345 

Coupled reactions in biological systems, reversibility of,. 432. 

Critical review of current methods of computation, . 673 

Critical study of precision cryoscopy,. 1953 

Cryoscopy, precision, critical study of,. 1953 

Crystal faces, phenomena due to forces at, as studied by mutual orientation,. 2005 

Crystals, adsorption of solutes by, in relation to compatibility of space lattice,. 2022 

Crystals, arrangement of atoms and ions in, principles determining the,. 1270 

Crystals, sucrose, photomicrographic studies of,. 1355 

Crystal structure of copper electrodeposited in the presence of gelatine,. 3644 

Cuprammonium solution, colloidal nature of, note regarding the,. 659 

Cupric hydroxide, blue, stabilization of,. 60 

Cupric oxide-ferric oxide-sulphur trioxide-water, a portion of the system,. 929 

Current methods of computation, critical review of,. 673 

Curves, electrocapillary, of mixtures of the normal alcohols with water and the ad¬ 
sorption of alcohol molecules at the mercury surface,. 3354 

Curves, electrocapillary, of solutions containing surface-active substances, effect of 

salts on the,. 3293 

Cyclo-olefines and cycloparaffines, thermal reactions of,. 34^9 

Cycloparaffines and cyclo-olefines, thermal reactions of,. 3489 

Data, heat, some specific, on boron trioxide,. 2091 

Data, reaction velocity, statistical treatment of,.673, 950 

Debye-HUckel theory, influence of higher terms of the, in the case of unsymmetric 

valence type electrolytes,. 2245 

Decomposition and polymerization of the olefinic hydrocarbons,. 1825 

Decomposition, catalytic, of hydrogen peroxide by cadmium iodide,. 3612 

Decomposition, catalytic, of kerosene,. 2689 

Decomposition of diethyl ether in contact with platinum and tungsten,. 1044 

Decomposition of hydrogen peroxide, a study of colloidal ferric oxide and various 

factors which influence its ability to catalyze the,. 557 

Decomposition of malonic acids,. *461 

Decomposition of oxalic acid by arsenic acid,. 2377 

Decomposition of sodium hypochlorite,. ^^50 
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Decomposition, photochemical, of hydrogen peroxide in aqueous solution in presence 

of sodium nitroprusside,. 656 

Decomposition, catalytic, of sodium hypochlorite solutions,. 915 

Decomposition, thermal, of carbon tetrabromide,. 1795 

Decomposition, thermal, of diazomethane,. 1493 

Decomposition, thermal, of propylamine,. 2658 

Decomposition, thermal, of straight-chain paraffins,. 2446 

Definition and evaluation of the fugacity of an element or compound in the gaseous 

state,. 2885 

Deformation of cellulose nitrate-camphor films under static stresses,. 2498 

Degree of dissociation and the ions of cadmium iodide in aqueous solution,. 999 

Degrees of hydration of the alkyl amines in aqueous solution, investigation of the,. 2412 

Denaturation of albumin. 144 

Density and relative viscosity, variation of, with sol concentration,. 412 

Density, maximum, of aqueous solutions, temperature of,. 624 

Depressions, freezing-point, of potassium cobalticyanide and potassium ferricyanide, 1953 

Derivatives of furfural, solubility of naphthalene in some,. 1756 

Derivatives, organic nitrogen, electrolysis of beryllium compounds in,. 2492 

Desorption of gases from molecularly plane glass surfaces,. 859 

Despretz, law of, deviations from the, . 624 

Determination, glass-electrode, of sodium in sodium chloride-potassium chloride 

mixtures,. 3058 

Determination of pH values, a study of certain systems proposed for use in the,.... 3397 

Determination of sorption isothermals on charcoal by the retentivity technique,.... 1692 

Determination of the hydrogen ion concentration in gold sols,. 602 

Determining heats of adsorption, coherer method of,. 3082 

Determining, principles, the arrangement of atoms and ions in cry stab,. 1270 

Developer in photography, a cheap,. 1770 

Deviations from the law of Despretz,. 624 

Diagram, energy, of sodium chloride,. 1054 

Diagram, phase, of the system silver iodide-lead iodide, . 1944 

Diagrams, energy, of the hydrogen halides in the gaseous state and in aqueous solu¬ 
tions,. 3371 

Diazomethane, thermal decomposition of,. 1493 

Dielectric constant and structure of thixotropic sols,. 815 

Dielectric constants and conductivities of glucose and boron trioxide glasses,. 2103 

Diethyl ether, decomposition of, in contact with platinum and tungsten,. 1044 

Differences, potential, at air-liquid interfaces,. 345 

Diffuse ionic layer, electrical electrophoresis and the,. 331 

Diffusion, electrochemical, and linear heat flow, certain problems of, numerical 

evaluation of infinite series and integrals which arise in,. 2785 

Dihydroxybenzenes, isomeric, solubility relations of the,. 3259 

Direct measurement of the adsorption of soluble substances by the bubble method,.. 722 

Discharge, brush, reactions in the,.*.. 3330 

Discharge, glow, chemical action in,.1281, 1293, 3207 

Discharge, glow, reactions of hydrocarbons in the,. 3649 

Disc, porous, method of measuring osmotic pressure, studies on the,. 638 

Discussion of the medium effect upon the indicator properties,. 2732 

Disinfection, chemistry of,. 511 

Disodium phosphate and stannic chloride, solutions of, reactions of silk fibroin with, 2434 

Dispersion, functional psychoses and,. 3425 

Dbpersion media, hydrocarbons as,. 2993 

Dispersion medium, lyophilic, liquid ammonia as a,. 578 

Dispersion, nitrocellulose, measurement of particle size for,... 2129 

Dbpersions, colloidal, some unusual properties of,. 354 
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Dispersity of calcium caseinate in skim milk, effect of preheating on the,. 1303 

Dissociation and oxidation of methane,. 1293 

Dissociation, complete, and optical properties,. 480 

Dissociation of acid-base indicators in ethyl alcohol with a discussion of the medium 

effect upon the indicator properties,. 2732 

Dissociation of strong electroljrtes, the,.480, 1922 

Dissociation pressures in salt hydrate systems, measurement of, misleading equilibria 

encountered in,. 1660 

Dissociation, the degree of, and the ions of cadmium iodide in aqueous solution,.... 999 

Dissolved substances, effects of, on the solution temperature of a phenol-water 

system,. 3063 

Droplets of insoluble liquids in water, the free electrical charges on,. 3070 

Drying before wet-heat treatment, extent of, and temperature of acid treatment and 

activation, vapor-adsorption capacity of silica gels as affected by,. 82 

Dyeing, turkey-red, chemistry of,. 488 

Earth, rare, glazes, absorption spectra of,. 3480 

Effect, catalytic, of solvents. Decomposition of malonic acids,. 1461 

Effect of catalyst concentration, the temperature coefficient and effect of electrolytes, 557 
Effect of electrolytes, the temperature coefficient and the effect of catalyst concen¬ 
tration,. 557 

Effect of extra compounds on nephelometric titrations,. 2237 

Effect of gelatin and salts on congo red,. 972 

Effect of mercuric iodide and ammonium chloride on glass,. 2985 

Effect of preheating on the dispersity of calcium caseinate in skim milk,. 1303 

Effect of pressure on the electrical conductivity of solution of sodium chloride and of 

other electrol3rte8,. 2145 

Effect of salts on the electrocapillary curves of solutions containing surface-active 

substances,. 3293 

Effect of shaking and cooling the analytical systems,. 2581 

Effect of some ions on the transformation of orange antimony trisulphide to the 

black form,. 2763 

Effect of the cathode material,. 3207 

Effect of wheat germ oil on the keeping qualities of fats and food rations,. 3286 

Effects of dissolved substances on the solution temperature of a phenol-water system, 3063 

Effects, photovoltaic, in Grignard solutions, nature of the,. 988 

Effect, the medium, upon the indicator properties,. 2732 

Effect, thermoelastic, in cellulose ester films,. 100 

Effect, thermosenescence, exhibited by gold sols at elevated temperatures and ageing 

at room temperature,. 1168 

Einstein^s law of photochemical equivalence, applicability of,. 1790 

Elastic gels, vapor pressure measurements on,. 2914 

Elastic strain, entropy, and the second law of thermodynamics,. 611 

Electrical charges, the free, on droplets of insoluble liquids in water,. 3070 

Electrical conductivity of solutions of sodium chloride and of other electrolytes, effect 

of pressure on the,. 2145 

Electrical phenomena at interfaces,. 3^9 

Electric moments of the fixed vegetable oils,. 1704 

Electrocapillarity, studies in,. 3293 

Electrocapillary curves of mixtures of the normal alcohols with water and the ad¬ 
sorption of alcohol molecules at the mercury surface,. 3354 

Electrocapillary curves of solutions containing surface-active substances, effect of 

salts on the,. 3293 

Electrochemical diffusion and linear heat flow, certain problems of, numerical evalua¬ 
tion of infinite series and integrals which arise in,. 2785 

B^ctrode, cadmium, potential of the,. 588 
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Electrode, glass-, determination of sodium in sodium chloride-potassium chloride 

mixtures,. 3058 

Electrodeposited copper in the presence of gelatine, the crystal structure of,. 3644 

Electrodeposition of copper in presence of gelatin,. 2585 

Electrodeposition of metals from anhydrous ammonia,. 3303 

Electrode, zinc, a study of the,. 2749 

Electrodialysis, a new cell for,. 1351 

Electrodialysis apparatus, a simple one-piece,. 423 

ESectrokinetic potentials, studies on,.309, 456, 700 

Electrokinetic properties of proteins,. 2065 

Electrolysis in non-aqueous solvents,. 2465 

Electrolysis of beryllium compounds in organic nitrogen derivatives,. 2492 

Electrolysis of perchlorates in non-aqueous solutions,. 2289 

Electrolysis of solutions of beryllium compounds in liquid ammonia,. 3111 

Electrolytes, effect of, the temperature coefficient, the effect of catalyst concen¬ 
tration and,. 557 

Electrolytes, influence of, on the syneresis and clotting of blood,. 629 

Electrolytes, mechanism of the coagulation of sols by,.i, 1368 

Electrolytes, optical activity of,. 1143 

Electrolytes, sodium chloride and other, solutions of, the effect of pressure on the 

electrical conductivity of,. 2145 

Electrolytes, soluble, studies in the solubilities of,. 1410 

Electrolytes, strong, the dissociation of,.480, 1922 

Electrolytes, strong, the influence of, upon the catalytic inversion of sucrose by 

hydrochloric acid at 30®,. 2985 

EHectrolytes, unsymmetric valence type, the case-of, the influence of higher terms of 

the Debye-Htickel theory in,. 2245 

Electrometric titration of copper salts by sodium hydroxide,. 3677 

Electron bond, the single,. 2118 

Electrophoresis and the diffuse ionic layer,. 331 

Electropositive metals, action of the alkali amides upon,. 740 

Element or compound in the gaseous state, fugacity of an, definition and evaluation 

of the,. 2885 

Elevated temperatures, gold sols at, the thermosenescence effect exhibited by, and 

ageing at room temperature,. 1168 

Empirical rule of Masson, a test of the,. 2315 

Emulsions, a method for measuring average particle size of,. 115 

Emulsion, the chylomicron,. 269 

End-point, the equal-opalescence,. 540 

End-point, the standard-solution,. 830 

Energy diagram of sodium chloride,. 1054 

Energy diagrams of the hydrogen halides in the gaseous state and in aqueous solu¬ 
tions,. 3371 

Energy, free, and heat capacity of formation of ethane gas,. 1505 

Enthropy, elastic strain, and the second law of thermodynamics; the principles of 

least work and maximum probability,. 611 

Edtvfis, equation of, surface tension of saturated vapors and the,. 1712 

Equal-opalescence end-point,. 54 ^ 

Equation of Edtvds, surface tension of satiu'ated vapors and the,. 1712 

Equilibria, misleading, encountered in the measurement of dissociation pressures in 

salt hydrate systems,. 1660 

Equilibrium between glycogen and lactic acid,. 194 

Equilibrium, catalytic, between acetaldehyde and alcohol,. 2194 

Equilibrium concentrations in adsorption from liquids, the calculation of,. 2758 

Equilibrium phenomena in coagulation of colloids,. 48 
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Equivalence, photochemical, applicability of Einstein's law of,. 1790 

Ester films, cellulose, thermoelastic effect in,. 100 

Estimation of proteins, refractometric, a study of the,. 1328 

Estimation of the radii of ions in saturated solutions,. 1410 

Ethane gas, formation of, the heat capacity and free energy of,. 1505 

Ethane, oxidation of,. 2667 

Ethanol, isoelectric point and solubility of wheat proteins in aqueous solutions of,.. 2065 

Ether, diethyl, the decomposition of, in contact with platinum and tungsten,. 1044 

Ethyl acetate and water vapors, adsorption of, by silica gels,. 3022 

Ethyl alcohol, catalytic oxidation of,. 3272 

Ethyl alcohol, dissociation of acid>base indicators in, with a discussion of the medium 

effect upon the indicator properties,. 2732 

Ethyl alcohol-water mixtures, adsorption of water from, by silica gel,. 1308 

Ethyl alcohol-water mixtures and five pure organic liquids, specific heats of,. 1935 

Evaluation and definition of the fugacity of an element or compound in the gaseous 

state,. 2885 

Evaluation, numerical, of infinite series and integrals which arise in certain problems 

of linear heat flow, electrochemical diffusion, etc.,. 2785 

Exceptional isotherm at 0° of the system palladium-hydrogen,. 3367 

Experiments with carbon tetrachloride and water,. 1692 

Explosions, gaseous, and the oxidations of hydrogen, the theory of,. 3639 

Expression, unimolecular, Y = L(l—least-squares treatment of the, . 950 

Extent of drying before wet-heat treatment, and temperature of acid treatment and 

activation, the vapor-adsorption capacity of silica gels as affected by,. 82 

Extinction coefficient, variation of, with temperature,. 653 

Extra compounds, effect of, on nephelometric titrations,. 2237 

Faces, crystal, phenomena due to forces at, as studied by mutual orientation,. 2005 

Factor, complicating, solubility as a, in adsorption measurements at gas-solid inter¬ 
faces,. 2112 

Factors, some, affecting the color of indicator solutions,. 1025 

Factors, various, which influence the ability of colloidal ferric oxide to catalyze the 

decomposition of hydrogen peroxide, a study of. 557 

Fats and carbohydrates, oxidation of, by air in presence of yellow phosphorus,. 1114 

Fats and food rations, effect of wheat germ oil on the keeping qualities of,. 3286 

Fatty volatile acids, binary mixtures of the, a conductivity method for the analysis of, 1227 
Ferric oxide, colloidal, and various factors which influence its ability to catalyze the 

decomposition of hydrogen peroxide, a study of. 557 

Ferric oxide, colloidal, some properties of, a study of the influence of hydrolysis tem¬ 
perature on,. 412 

Ferric oxide-cupric oxide-sulphur trioxide-water, a portion of the system,. 929 

Ferric oxide sol,. i 

Ferric oxide sols, migration studies with,.2930, 3148 

Ferricyanide, photochemical oxidation of hydrazine by,. 3631 

Ferricyanide, potassium, and potassium cobalticyanide, freezing-point depressions of, 1953 
Fibroin, silk, reactions of, with solutions of stannic chloride and disodium phosphate, 2434 
Fictive volumes of sodium sulphate in aqueous solutions of sulphuric acid and of 

iodine in an aqueous solution of potassium iodide,. 690 

Films, cellulose ester, thermoelastic effect in,. 100 

Films, cellulose nitrate-camphor, rate of deformation of, under static stresses,. 2498 

Films, liquid, smoke particles falling on, use of the ultramicroscope for observing,.. 2125 

Filters, light, copper salts as,.2383) 2391, 2401 

Five pure organic liquids, specific heats of, and of ethyl alcohol-water mixtures,- 1935 

Fixed vegetable oils, electric moments of the,. 

Flow, linear heat, electrochemical diffusion, etc., certain problems of, numerical 

evaluation of infinite series and integrals which arise in,. 2785 
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Flow, plastic, mechanism of,. 796 

Fluoride, sodium,-sodium metasilicate, the system,. 3553 

Fluorine, action of, on certain aromatic compounds and a theory of ring substitution, 3121 

Food rations and fats, the effect of wheat germ oil on the keeping qualities of,. 3286 

Forces at crystal faces, phenomena due to, as studied by mutual orientation,. 2003 

Formaldehyde, state of, in aqueous solutions,. 1104 

Form, an accurate, of copper coulometer,. 2345 

Formation of colloidal silver, observations on the mechanism of. 425 

Formation of ethane gas, heat capacity and free energy of,.. 1505 

Formation of silica gel from alkali silicate solutions, optimum conditions for the,... 596 

Formation, rates of, of the active reductants of several sugars,. 3596 

Form, black, effect of some ions on the transformation of orange antimony tri- 

sulphide to the,. 2763 

Fractionating columns, carborundum,. 844 

Free electrical charges on droplets of insoluble liquids in water,. 3070 

Free energy and heat capacity of formation of ethane gas,. 1505 

Freezing-point depressions of potassium cobalticyanide and potassium ferricyanide, 1953 
Fugacity of an element or compounds in the gaseous state, definition and evaluation 

of the,. 2885 

Functional psychoses and dispersion,. 3425 

Furfural, some derivatives of, solubility of naphthalene in,. 1756 

Further studies in periodic precipitation,. 1512 

Fused bases, chemical reactivity of the,. 740 

Gaseous explosions and the oxidations of hydrogen, theory of,. 3640 

Gaseous state, fugacity of an element or compound in the, definition and evaluation 

of the,. 2885 

Gaseous state, hydrogen halides in the, and in aqueous solutions, energy diagrams of 
the,. 3371 

Gases, desorption of, from molecularly plane glass surfaces,. 859 

Gases, inert, the partial pressures of vapors of volatile liquids in the presence of,.. 1068 

Gas, ethane, formation of, heat capacity and free energy of,. 1505 

Gelatin and salts, effect of, on congo red,. 972 

Gelatin, crystal structure of copper electrodeposited in the presence of,. 3644 

Gelatin in water-alcohol mixtures,. 3015 

Gelatin, optical rotation of, influence of salts on the,. 2619 

Gelatin, swelling and hydration of,. 162 

Gelatin, electrodeposition of copper in presence of,. 2585 

Gelatin with ammonia and hydrogen cWoride,. 2164 

Gels, ammono-, of cellulose acetate,. 578 

Gels, elastic, vapor pressure measurements on,. 2914 

Gel, silica, adsorption of water from ethyl alcohol-water mixtures by,. 1308 

Gel, silica, formation of, from alkali silicate solutions, optimum conditions for,. 596 

Gel, silica, structure of,. 2061 

Gel, solid silica, cobalt sulphide bands in,. 1674 

Gels, silica, adsorption of water and ethyl acetate vapors by,. 3022 

Gels, silica, reduction reactions in,. 1777 

Gels, silica, vapor-adsorption capacity of, as affected by extent of drying before wet- 

heat treatment and by temperature of acid treatment and activation,. 82 

Gels, silicic acid, rhythmic splitting of,. 3618 

General theory of solutions,. 2357 

Germ oil, wheat, effect of, on the keeping qualities of fats and food rations,. 3286 

Glass-electrode determination of sodium in sodium chloride-potassium chloride 

mixtures,. 3058 

Glasses, boron trioxide, and glucose, conductivities and dielectric constants of,. 2103 

Glass, pyrex, surface leakage of,. 2026 
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Glass, studies on,.2091, 2103 

Glass surfaces, molecularly plane, desorption of gases from,. 859 

Glazes, rare earth, absorption spectra of,. 3480 

Globulins, antitoxic, numerical value of the refractive index constant a for,. 1328 

Glow discharge, chemical action in,.1281, 1293, 3207 

Glow discharge, reactions of hydrocarbons in the,. 3649 

Glucose and boron trioxide glasses, conductivities and dielectric constants of,. 2103 

Glucose and potassium permanganate in acid solution, reaction between,. 1985 

Glue, adhesion of,. 3583 

Glycogen and lactic acid, equilibrium between,. 194 

Gold, colloidal, acion of immiscible organic liqiiids on,. 1448 

Gold sols, determination of the hydrogen ion concentration in,. 602 

Gold sols, thermosenesccnce effect exhibited by, at elevated temperatures, and age¬ 
ing at room temperature,. 1168 

Grains and seeds, various, peptization of the protein complex in, a comparative study 

of the,. 1565 

Grain, silver halide sensitivity of the, and photographic reversal, relation between,. 93 

Grease-less valve, a,. 3353 

Green manganous sulphide, transformation from rose to, . 2330 

Grignard solutions, photovoltaic effects in,. 988 

Guanidine and nitrous acid,.2684, 2950 

Gum arabic, study of,. 2722 

Gum arabic-water systems, some physicochemical properties of, and their interpre¬ 
tation, . 874 

Halide grain, silver, the sensitivity of the, and photographic reversal, relation between, 93 

Halides, hydrogen, in the gaseous state and in aqueous solutions, energy diagrams of 

the,. 3371 

Halides, silver, reduction of, by sodium sulphite and nitrite in presence of inductors 

and a cheap developer in photography,. 1770 

Heat capacity and free energy of formation of ethane gas,. 1505 

Heat flow, linear, electrochemical diffusion, etc., certain problems of, numerical 

evaluation of infinite series and integrals which arise in,. 2785 

Heat of absorption of hydrogen by palladium black at 0°, the,. 3105 

Heat of adsorption of certain organic vapors by charcoal at 25° and 50®,. 905 

Heat of wetting of charcoal as a measure of its activity,. 1397 

Heats of adsorption, coherer method of determining,. 3082 

Heats, specific, of five pure organic liquids and of ethyl alcohol-water mixtures,_ 1935 

Heat, wet-, treatment, extent of drying before, and temperature of acid treatment and 

of activation, the vapor-adsorption capacity of silica gels as affected by,. 82 

Higher terms of the Debye-Hiickel theory in the case of unsymmetric valence type 

electrolytes, the influence of,. 2245 

Histamine,. 3189 

How to ripen time,. 1904 

Hydrated copper oxide catalysis of sodium hypochlorite, promoter action of hydrated 

magnesium oxide in the,. 915 

Hydrated magnesium oxide, promoter action of, in the hydrated copper oxide catalysis 

of sodium hypochlorite,. 915 

Hydrates, surface chemistry of,. 1061 

Hydrate systems, salt, dissociation pressures in, misleading equilibria encountered in 

the measurement of,. 1660 

Hydration and swelling of gelatin,. 162 

Hydration, degrees of, an investigation of the, of the alkyl amines in aqueous solution, 2412 

Hydrazine, photochemical oxidation of, by ferricyanide,. 3^3* 

Hydrazine, studies on,. 3631 

Hydrocarbons as dispersion media, a review,. 2993 
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HydrocarbonB, olefiniC) decomposition and polymerization of the^. 1825 

Hydrocarbons, reactions of, in the glow discharge,. 3649 

Hydrocarbons, some, vapor pressures of,. 531 

Hydrochloric acid at 30®, influence of strong electrolytes upon the catalytic inversion 

of sucrose by,. 2968 

Hydrochloride, phenacetin,. i345 

Hydrocyanic acid vapors, the r 61 e of, in the corrosion of iron,. 893 

Hydrogen, adsorption of, by nickel poisoned with carbon monoxide,. 1784 

Hydrogenation, catalytic, of carbon suboxide,. 3025 

Hydrogenation of benzene with nickel and platinum,. 2219 

Hydrogenation, preparation and testing of nickel catalysts for,. 1684 

Hydrogen chloride, gelatin with ammonia and,. 2164 

Hydrogen chromate,. 3214 

Hydrogen halides in the gaseous state and in aqueous solutions, energy diagrams of 

the,. 3371 

Hydrogen, heat of adsorption of, by palladium black at 0°,. 3105 

Hydrogen ion concentration in gold sols, determination of,. 602 

Hydrogen>palladium system, an exceptional isotherm at 0° of the,. 3367 

Hydrogen peroxide, catalytic decomposition of, by cadmium iodide,. 3612 

Hydrogen peroxide, photochemical decomposition of, in aqueous solution in presence 

of sodium nitroprusside,. 656 

Hydrogen peroxides, intensifying action of, on the latent photographic image,. 2637 

Hydrogen peroxide, the decomposition of, a study of colloidal ferric oxide and 

various factors which influence its ability to catalyze,. 557 

Hydrogen, reductivity of, at certain metal surfaces in relation to the overvoltage,.. 786 

Hydrogen sulphate on chromates, action of,. 3214 

Hydrogen sulphide and nitric oxide, interaction between, in the presence of water,. 1721 

Hydrogen sulphide, oxidation of,. 2676 

Hydrogen sulphide, oxidation of, theory of gaseous explosions and the,. 3639 

Hydrogen, triatomic or monatomic,. 3186 

Hydrolysis temperature, influence of, on some properties of colloidal ferric oxide, a 

study of the,. 412 

Hydrosols, aluminum oxychloride, ion interchanges in,. 27 

Hydrous alumina, aged,. 1061 

Hydrous alumina sols,. 1368 

Hydrous, colloidal, beryllium, oxide sols, a study of the preparation and certain prop¬ 
erties of,. 3237 

Hydroxide, blue cupric, stabilization of,. 60 

Hydroxide, colloidal aluminum, adsorption of chromate ions by,. 649 

Hydroxide, sodium, electrometric titration of copper salts by,. 3677 

Hypochlorite, sodium, decomposition of,... 2650 

Hypochlorite, sodium, promoter action of hydrated magnesium oxide in the hydrated 

copper oxide catalysis of,. 915 

Hypochlorite, sodium, solutions, catalytic decomposition of,. 915 

Hypothetical potassium pol3dodides, the,. 764 

Image, latent photographic, intensifying action of hydrogen peroxide on the,. 2637 

Immiscible organic liquids on colloidal gold, action of,. 1448 

Index, refractive, constant a for antitoxic globulins, numerical value of the,. 1328 

Indicator properties, the medium effect upon the, discussion of,. 2732 

Indicators, acid-base, in ethyl alcohol, dissociation of, with a discussion of the medium 

effect ui>on the indicator properties,. 2732 

Indicator solutions, color of, some factors affecting the,. *...1025 

Induced reactions, the mechanism of, and iron and cerium compounds and insulin as 

inductors in oxidation reactions,. 2043 
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Inductors^ iron and cerium compounds and insulin as, in oxidation reactions and the 

mechanism of induced reactions,. 2043 

Inductors, reduction of silver halides by sodium sulphite and nitrite in presence of, 

and a cheap developer in photography,. 1770 

Inert gases, partial pressures of vapors of volatile liquids in the presence of,. 1068 

Infinite series and integrals, numerical evaluation of, which arise in certain problems 

of linear heat flow, electrochemical diffusion, etc.,. 2785 

Influence of electrolytes on the syneresis and clotting of blood,. 629 

Influence of higher terms of the Debye-Huckel theory in the case of unsymmetric 

valence type electrolytes,. 2245 

Influence of hydrolysis temperature on some properties of colloidal ferric oxide, a 

study of the,. 412 

Influence of salts on the optical rotation of gelatin,. 2619 

Influence of size, shape, and conductivity on cataphoretic mobility, and its biological 

significance,. 289 

Influence of strong electrolytes upon the catalytic inversion of sucrose by hydrochloric 

acid, at 30®,. 2968 

Influence of the proximity of a solid wall on the consistency of viscous and plastic 

materials,. 1212 

Inhibitory action of anthracene in the autoxidation of benzaldehyde,... 2530 

Insanity, colloid chemistry of,.1606, 3452 

Insoluble liquids in water, droplets of, the free electrical charges on,. 3070 

Insulin and iron and cerium compounds as inductors in oxidation reactions and the 

mechanism of induced reactions,. 2043 

Integrals and infinite series, numerical evaluations of, which arise in certain problems 

of linear heat flow, electrochemical diffusion, etc.,. 2785 

Intensifying action of hydrogen peroxide on the latent photographic image,. 2637 

Interaction between nitric oxide and hydrogen sulphide in the presence of water,.. 1721 

Interchanges, ion, in aluminum oxychloride hydrosols,. 27 

Interfaces, air-liquid, potential differences at,. 345 

Interfaces, electrical phenomena at,... 309 

Interfaces, gas-solid, solubility as a complicating factor in adsorption measurements 

at,. 2112 

Interpretation of some physiochemical properties of gum arabic-water systems,.... 874 

Interpretation of the apparent volumes of salts in solution, problems of,. 3379 

Inversion, catalytic, of sucrose by hydrochloric acid at 30°, influence of strong electro¬ 
lytes upon the,. 2968 

Inversion of sugar in mixed solvents, mechanism of,. 2364 

Inversion, Walden, reagent concentration and the,. 1253 

Inversion, Walden, rotation and configuration in the,. 1624 

Investigation of the degrees of hydration of the alkyl amines in aqueous solution,.. 2412 

Investigation on the action of light on a chloroform solution of a-naphthyl-amino- 

camphor, an,. 2371 

Iodide, cadmium, the catalytic decomposition of hydrogen peroxide by,. 3612 

Iodide, cadmium, the ions of, in aqeuous solution, the degree of dissociation and,.. 999 

Iodide, lead,-silver iodide, the system, the phase diagram of,. i944 

Iodide, mercuric, and ammonium chloride, the effect of, on glass,. 2985 

Iodide, potassium, iodine in an aqueous solution of, and sodium sulphate in aqueous 

solutions of sulphuric acid, the Active volumes of,. 690 

Iodide, potassium, solubility of, in water at 240®,. 947 

Iodide, silver,-lead iodide, the system, the phase diagram of. I 944 

Iodine and arsenious acid, the reaction between,. 1648 

Iodine in an aqueous solution of potassium iodide, and sodium sulphate in aqueous 

solutions of sulphuric add, Active volumes of,. 

Iodine-water, solubilities in the system to 200®,. 4*7 
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Ion antagonism,. 700 

Ion, hydrogen, concentration in gold sols, determination of,. 602 

Ionic layer, diffuse, electrophoresis and the,. 331 

Ion interchanges in aluminum oxychloride hydrosols,. 27 

Ionization produced by radon in spherical vessels,. 2478 

Ionizing adsorbent, alumina as an,. 2568 

Ion reaction, an,. 2650 

Ions and atoms in crystals, principles determining the arrangement of,. 1270 

Ions, chromate, adsorption of, by colloidal aluminum hydroxide,. 649 

Ions of cadmium iodide in aqueous solution and the degree of dissociation,. 999 

Ions, radii of, in saturated solutions, an estimation of the,. 1410 

Ions, some, effect of, on the transformation of orange antimony trisulphide to the 

black form,. 2763 

Iron and cerium compounds and insulin as inductors in oxidation reactions and the 

mechanism of induced reactions,. 2043 

Iron, corrosion of, the r 61 e of hydrocyanic acid vapors in the,. 893 

Iron organic-acid solutions, a study of,. 2210 

Iron solutions, organic acid, a study of,. 1666 

Isoelectric point and solubility of wheat proteins in aqueous solutions of ethanol,.. 2065 

Isomeric dihydroxybenzenes, solubility relations of the,. 3259 

Isothermals, sorption, on charcoal, determination of, by the retentivity technique, . 1692 

Isotherm at o®, an exceptional, of the system palladium-hydrogen,. 3367 

Isotherms, partial pressure,.3160, 3558 

Keeping qualities of fats and food rations, effect of wheat germ oil on the,. 3286 

Kerosene, catalytic decomposition of,. 2689 

Kinetics of the reaction between potassium persulphate and sodium thiophenolate, 3280 

Kinetics of transitions in polymorphic solids,. 1762 

Lactic acid and glycogen, equilibrium between,. 194 

Lactic acid, optical rotation of,. 2508 

Lappa, Arctium, root of, the carbohydrate occurring in the, a physiochemical study of, 756 

Latent photographic image, intensifying action of hydrogen peroxide on the, . 2637 

Lattice, space, compatibility of, adsorption of solutes by crystals in relation to,. 2022 

Law, Einstein’s, of photochemical equivalence, applicability of,. 1790 

Law, limiting, for transference numbers,. 3647 

Law of Despretz, deviations from the,. 624 

Law of thermodynamics, second, reversibility of coupled reactions in biological 

systems and the,. 432 

Layer, diffuse ionic, electrophoresis and the,. 331 

Lead iodide-silver iodide, the system, the phase diagram of,. 1944 

Leakage, surface, of pyrex glass,. 2026 

Least-squares treatment of the unimolecular expression Y = L(l~*e“^^),. 950 

Least work, principles of, and maximum probability,. 611 

Lens, the Spicier, and what it reveals in cellulose and protoplasm,. 118 

laesegang rings,. 1474 

light, an investigation on the action of, on a chloroform solution of a-naphthyl- 

amino-camphor.. 2371 

light filters, copper salts as,.2383, 2391, 2401 

limiting law for transference numbers,... 3647 

Linear heat flow, electrochemical diffusion, etc., certain problems of, numerical 

evaluation of infinite series and integrals which arise in,. 2785 

liquid ammonia as a lyophilic dispersion medium,. 578 

Liquid ammonia, electrolysis of solutions of beryllium compounds in,. i. 3111 

liquid films, smoke particles falling on, use of the ultramicroscope for observing,.. 2125 

liquids, adsorption from, calculation of equiiibriiun concentrations in,. 2758 
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Liquids, five pure organic, specific heats of, and of ethyl alcohol-water mixtures,... 1935 

Liquids, immiscible organic, action of, on colloidal gold,. 1448 

Liquids, insoluble, in water, droplets of, the free electrical charges on,. 3070 

Liquids, reactive, a refractometer for,. 14^0 

Liquids, volatile, partial pressures of vapors of, in the presence of inert gases,. 1068 

Lithium sulphate-aluminum sulphate-water, the system,. 3086 

Lyophilic dispersion medium, liquid ammonia as a,. 378 

Magnesium oxide, hydrated, promoter action of, in the hydrated copper oxide cataly¬ 
sis of sodium hypochlorite,. Q13 

Malonic acids, decomposition of,. 1461 

Manganous sulphide, rose to green, transformation from,. 2330 

Masson, a test of the empirical rule of, . 2315 

Material, cathode, effect of the,. 3207 

Materials, viscous and plastic, the consistency of, influence of the proximity of a solid 

wall on,. 1212 

Maximum density of aqueous solutions, temperature of,. 624 

Maximum probability, principles of least work and,. 6n 

Maximum refractivity of some aqueous solutions, the temperature of,. 3011 

Measurement of dissociation pressures in salt hydrate systems, nusleading equilibria 

encountered in the,. 1660 

Measurement of particle size for nitrocellulose dispersion,. 2129 

Measurement of surface tension, a micro-method for the,. 1931 

Measurements, adsorption, at gas-solid interfaces, solubility as a complicating factor 

in,. 2112 

Measurements, direct, of the adsorption of soluble substances by the bubble method, 722 

Measurements of the plasticity of clays, . 374 

Measurements, vapor pressure, on elastic gels,. 2914 

Measurements, viscosity and adsorption, . 2722 

Measure of activity of charcoal, heat of wetting as a,. 1397 

Measuring average particle size of emulsions, a method for,. 115 

Measuring osmotic pressure, porous disc method of, studies on the,. 638 

Mechanism of formation of colloidal silver, observations on the,. 425 

Mechanism of induced reactions and iron and cerium compounds and insulin as in¬ 
ductors in oxidation reactions,. 2043 

Mechanism of inversion of sugar in mixed solvents,. 2364 

Mechanism of plastic flow,. 796 

Mechanism of the coagulation of sols by electrolytes,.i, 1318 

Mechanism of the mutual coagulation process,. 543 

Media, dispersion, hydrocarbons as,. 2993 

Medium effect upon the indicator properties, a discussion of the,. 2732 

Medium, lyophilic dispersion, liquid ammonia as a,. 57® 

Membranes, blocking effect of, a study of the,. i37 

Mercuric iodide and ammonium chloride, effect of, on glass,. 2985 

Mercuric thiocyanate,-potassium thiocyanate-water, the system,. 1123 

Mercury surface, adsorption of alcohol molecules at the,. 3354 

Metallic sulphides in water, solubilities and solubility products of,. 2711 

Metals, electrodeposition of, from anhydrous ammonia,. 33^3 

Metals, electropositive, action of the alkali amides upon,. 740 

Metal surfaces, certain, reductivity of hydrogen at, in relation to overvoltage,. 7 ®fi 

Metasilicate, sodium,-eodium fluoride, the system,. 3553 

Methane, dissociation and oxidation of,. 1293 

Method, a conductivity, for the analysis of binary mixtures of the volatile fatty acids, 1227 
Method, bubble, direct measurement of the adsorption of soluble substances by the, 722 

Method, coherer, of determining heats of adsorption,. 3^®2 

Method for measuring average particle size of emulsions,. ^^5 
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Method, porous disc, of measuring osmotic pressure, studies on the,. 638 

Methods of computation, current, a critical review of,. 673 

Methyl alcohol-normal butyl alcohol, water, the system,. 1314 

Methyl chloride and aniline,. 3090 

Micro-method for the measurement of surface tension,. 1931 

Microns, rate of solution of anhydrite below 70,. 1156 

Microscopic objects, transmitted structural blue in,. 73 

Migration studies with ferric oxide sols,.2930, 3148 

Milk, skim, calcium caseinate in, effect of preheating on the dispersity of,. 1303 

Mineralization and wall structure in coralline algae,. 467 

Misleading equilibria encountered in the measurement of dissociation pressures in 

salt hydrate systems,. 1660 

Mixed solvents, inversion of sugar in, mechanism of,. 2364 

Mixtures, binary, of the volatile acids, a conductivity method for the analysis of,.. 1227 

Mixtures, ethyl alcohol-water, adsorption of water from, by silica gel,. 1308 

Mixtures, ethyl-alcohol-water, and five pure organic liquids, specific heats of,. 1935 

Mixtures of the normal alcohols with water, electrocapillary curves of, and the ad¬ 
sorption of alcohol molecules at the mercury surface,. 3354 

Mixtures, sodium chloride-potassium chloride, glass-electrode determination of so¬ 
dium in,. 3058 

Mixtures, water-alcohol, gelatin in,. 3015 

Mobility, cataphoretic, influence of size, shape and conductivity on, and its biological 

significance,. 289 

Molecularly plane glass surfaces, desorption of gases from,. 859 

Molecules, alcohol, adsorption of, at the mercury surface,. 3354 

Moments, electric, of the fixed vegetable oils,. 1704 

Monatomic or triatomic hydrogen,. 3186 

Monocalcium phosphate, the recrystallization of, the system p206-Ca0-H20 and,... 1232 

Monoxide, carbon, catalytic oxidation of,. 405 

Monoxide, carbon, nickel poisoned with, adsorption of hydrogen by,. 1784 

Monoxide, carbon, oxidation of,. 1281 

Mutual coagulation process, mechanism of the,. 543 

Mutual orientation, phenomena due to forces at crystal faces as studied by,. 2005 

Naphthalene, solubility of, in some derivatives of furfural,. 1756 

Nature, colloidal, of cuprammonium solution,. 659 

Nature of the photovoltaic effects in Grignard solutions,. 988 

Negative sols,. 3148 

Nephelometric titrations,.540, 830, 2237, 2581 

Nervous systems, colloid chemistry of the,.1185, 3036, 3189 

New cell for electrodialysis,. 1351 

Nickel and platinum, hydrogenation of benzene with,. 2219 

Nickel catalysts, preparation and testing of, for hydrogenation,. 1684 

Nickel poisoned with carbon monoxide, adsorption of hydrogen by,. 1784 

Nitrate-camphor, cellulose, films under static stresses, rate of deformation of,. 2498 

Nitric oxide and hydrogen sulphide, interaction between in, the presence of water,.. 1721 

Nitric oxide, reduction of,. 1239 

Nitrite and sulphite, sodium, reduction of silver halides by, in presence of inductors 

and a cheap developer in photography,. 1770 

Nitrocellulose, acid adsorption and stability of,. 536 

Nitrocellulose dispersion, measurement of particle size for,. 2129 

Nitrogen, organic, derivatives, electrolysis of beryllium compounds in,. 2492 

Nitroprusside, sodium, photochemical decomposition of hydrogen peroxide in aqueous 

solution in presence of. 656 

Nitrous acid and guanidine,.2684, 2950 
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Non-^queous and aqueous systems, ultrafiltration as a test for colloidal constituents 

..... 130 

Non-aqueous solutions, electrolysis of perchlorates in,. 2289 

Non-aqueous solvents, electrolysis in,. 2465 

Normal alcohols, mixtures of the, electro-capillary curves of. 3^54 

Normal butyl alcohol-methyl alcohol-water, the system,. 1314 

Note on a simple one-piece electrodialysis apparatus,. 423 

Note on some properties of benzaldehyde,. 14^5 

Note regarding the colloidal nature of cuprammonium solution,. 6^^ 

Number, particle, and size of screening smoke, relation between obscuring power and, 1074 

Numbers, transference, limiting law for the,. ^547 

Numerical evaluation of infinite series and integrals which arise in certain problems of 

linear heat flow, electrochemical diffusion, etc.,. 2785 

Numerical value of the refractive index constant a for antitoxic globulins,. 1328 

Objects, microscopic, transmitted structural blue in,. 73 

Obscuring power and particle number and size of screening smoke, the relation be¬ 
tween,. 1074 

Observations on the mechanism of formation of colloidal silver,. 425 

Observations, some, on the color of colloidal solutions of arsenic trisulphide,. 1803 

Observing smoke particles falling on liquid films, use of the ultramicroscope for,.... 2125 

Oils, the fixed vegetable, electric moments of,. 1704 

Oil, wheat germ, effect of, on the keeping qualities of fats and food rations,. 3286 

Olefinic hydrocarbons, decomposition and polymerization of the,. 1825 

One-piece electrodialysis apparatus, simple,. 423 

Opalescence, equal-, end-point,... 540 

Optical activity of electrolytes,..•. 1143 

Optical properties, complete dissociation and,. 480 

Optical rotation of gelatin, influence of salts on the,. 2619 

Optical rotation of lactic acid,. 2508 

Optimum conditions for the formation of silica gel from alkali silicate solutions,... 596 

Orange antimony trisulphide, the transformation of, to the black form, effect of some 

ions on,. 2763 

Organic-acid iron solutions,. 2210 

Organic-acid iron solutions, a study of,. 1666 

Organic compounds, certain, oxonium salts of ortho-phosphoric acid with,. 1745 

Organic liquids, five pure, and ethyl alcohol-water mixtures, specific heats of,. 1935 

Organic liquids, immiscible, action of, on colloidal gold,. 1448 

Organic nitrogen derivatives, electrolysis of beryllium compounds in,. 2492 

Organic vapors, certain, heats of adsorption of, by charcoal at 25° and 50®,. 905 

Orientation, mutual, phenomena due to forces at crystal faces as studied by,. 2005 

Orthophosphoric acid, oxonium salts of, with certain organic compounds,. 1745 

Osmotic pressure, measuring, porous disc method of, studies on the,. 638 

Overvoltage, reductivity of hydrogen at certain metal surfaces in relation to,. 786 

Oxalic acid, the decomposition of, by arsenic acid,. 2377 

Oxidation and dissociation of methane,. 1293 

Oxidation, catalytic, of carbon monoxide,. 4^5 

Oxidation, catalytic, of ethyl alcohol,. 3272 

Oxidation of carbohydrates and fats by air in presence of yellow phosphorus,. 1114 

Oxidation of ethane,. 2667 

Oxidation of hydrogen sulphide,. 2676 

Oxidation, photochemical, of hydrazine by ferricyanide,. 3631 

Oxidation reactions, iron and cerium compounds and insulin as inductors in, and the 

mechanism of induced reactions,. 2043 

Oxidations of hydrogen, theory of gaseous explosions and the,. 3^39 

Oxide, aluminum, catalyst, catalytic action of an,. 2943 
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Oxide, beryllium, sols, colloidal hydrous, study of the preparation and certain proper¬ 
ties of,. 3237 

Oxide, calcium-potassium pentoxide-water, the system, and the recrystallization of 

monocalcium phosphate,. 1232 

Oxide, colloidal ferric, a study of the influence of hydrolysis temperature on some 

properties of,. 412 

Oxide, cupric-ferric oxide-sulphur trioxide-water, a portion of the system,. 929 

Oxide, ferric, colloidal, and various factors which influence its ability to catalyze the 

decomposition of hydrogen peroxide, a study of,. 557 

Oxide, ferric,-cupric oxide-sulphur trioxide-water, a portion of the system,. 929 

Oxide, ferric, sol,. i 

Oxide, ferric, sols, migration studies with,.2930, 3148 

Oxide, hydrated copper, catalysis of sodium hypochlorite, promoter action of hy¬ 
drated magnesium oxide in the,. 915 

Oxide, hydrated magnesium, promoter action of, in the hydrated copper oxide cataly¬ 
sis of sodium hypochlorite,. 915 

Oxide, nitric, and hydrogen sulphide, interaction between, in the presence of water, 1721 

Oxide, nitric, reduction of,. 1239 

Oxonium salts of ortho phosphoric acid with certain organic compounds,. 1745 

Oxychloride hydrosols, aluminum, ion interchanges in,. 27 

Paints, plasticity of, studies in the,. 383 

Palladium black at 0°, heat of absorption of hydrogen by,. 3105 

Palladium-hydrogen system, an exceptional isotherm at o® of the,. 3367 

Partial pressure isotherms,.3160, 3558 

Partial pressures of vapors of volatile liquids in the presence of inert gases, the,. 1068 

Particle number and size of screening smoke, the relation between obscuring power 

and,. 1074 

Particle size, chemical activity and,... 1133 

Particle size, measurement of, for nitrocellulose dispersion,. 2129 

Particle size of emulsions, method for measuring,. 115 

Particles, smoke, falling on liquid films, use of the ultramicroscppe for observing,.... 2125 

Pentoxide, potassium-calcium oxide-water, the system, and the recrystallization of 

monocalcium phosphate,. 1232 

Peptization of the protein complex in various seeds and grains, a comparative study 

of the,. 1565 

Perchlorates, electrolysis of, in non-aquesus solutions. 2289 

Periodic precipitation, further studies in,. 1512 

Permanganate, potassium, and glucose in acid solution, reaction between,. 1985 

Peroxide, hydrogen, catalytic decomposition of, by cadmium iodide,. 3612 

Peroxide, hydrogen, intensifying action of, on the latent photographic image,. 2637 

Peroxide, hydrogen, photochemical decomposition of, in aqueous solution in presence 

of sodium nitroprusside,. 656 

Peroxide, hydrogen, the decomposition of, a study of colloidal ferric oxide and 

various factors which influence its ability to catalyze,. 557 

Persulphate, potassium, and sodium thiophenolate, kinetics of the reaction between, 3280 

Phase diagram of the system silver iodide-lead iodide,. 1944 

Phenacetin hydrochloride,. 1345 

Phenol-benzene-water ternary system, some physical chemical properties of the,_ 836 

Phenol-water system, effects of dissolved substances on the solution temperature of a, 3063 

Phenomena due to forces at crystal faces as studied by mutual orientation,. 2005 

Phenomena, electrical, at interfaces,. 309 

Phenomena, equilibrium, in coagulation of colloids,. 48 

Phenylacetaldehyde and its polymerization,. 1174 

Phenyl-substituted acids, certain, concerning the physical properties of, in relation to 

their bactericidal power,. 2049 
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^Phosphate, disodium, and stannic chloride, solutions of, reactions of silk fibroin with, 2434 

Phosphate, monocalcium, recrystallization of, the system P206-Ca0-H20 and,. 1232 

Phosphoric acid, ortho, oxonium salts of, with certain organic compounds,. 1745 

Phosphoric acid, studies on,. 1745 

Phosphorus, yellow, oxidation of carbohydrates and fats by air in presence of,. 1114 

Photochemical decomposition of hydrogen peroxide in aqueous solution in presence of 

sodium nitroprusside,./. 656 

Photochemical equivalence, applicability of Einstein’s law of,. 1790 

Photochemical oxidation of hydrazine by ferricyanide,. 3631 

Photographic image, latent, intensifying action of hydrogen peroxide on the,. 2637 

Photographic reversal and the sensitivity of the silver halide grain, relation between, 93 

Photography, a cheap developer in,. 1770 

Photomicrographic studies of sucrose crystals,. 1355 

Photosynthesis in tropical sunlight, studies in,.1418, 1424 

Photovoltaic effects, nature of the, in Grignard solutions,. 988 

Phthaleins, benzeins, and sulfonphthaleins, color changes of,. 1433 

Physical chemical properties, some, of the ternary system phenol-benzene-water,_ 836 

Physical properties of solutions of certain phenyl-substituted acids in relation to their 

bactericidal power. 2049 

Physicochemical properties, some, of gum arabic-water systems and their inter¬ 
pretation, . 874 

Physico-chemical studies on proteins,. 1565 

Physiochemical study of the carbohydrate occurring in the root of Arctium lappa, a, 756 

Plane glass surfaces, molecularly, desorption of gases from, . 859 

Plastic and viscous materials, the consistency of, influence of the proximity of a solid 

wall on,. 1212 

Plastic flow, mechanism of,. 796 

Plasticity of clays, measurements of the,. 374 

Plasticity of paints, studies in the,. 383 

Platinum and nickel, hydrogenation of benzene with,. 2219 

Platinum and tungsten, decomposition of diethyl ether in contact with,. 1044 

Point, freezing-, depressions of potassium cobalticyanide and potassium ferricyanide, 1953 
Point, isoelectric, and solubility of wheat proteins in aqueous solutions of ethanol,... 2065 

Poisoned, nickel, with carbon monoxide, the adsorption of hydrogen by,. 1784 

Poly basicity of several common sugars,. 2226 

Polyiodides, potassium, the hypothetical,. 764 

Polymerization and decomposition of the olefinic hydrocarbons,. 1825 

Polymerization, phenylacetaldehyde and its,. 1174 

Polymorphic solids, kinetics of transitions in,. 1762 

Porous disc method of measuring osmotic pressure, studies on the,. 638 

Portion of the system ferric oxide-cupric oxide-sulphur trioxide-water,. 929 

Positive sols,. 2930 

Potassium chloride-sodium chloride mixtures, glass-electrode determination of sodium 

in,. 3058 

Potassium cobalticyanide and potassium ferricyanide, freezing-point depressions of, 1953 
Potassium ferricyanide and potassium cobalti-cyanide, the freezing-point depressions 

of,.. 1953 

Potassium iodide, aqueous solution of, iodine in an, and sodium sulphate in aqueous 

solutions of sulphuric acid, Active volumes of,. 690 

Potassium iodide, solubility of, in water at 240®,. 947 

Potassium pentoxide-calcium oxide-water, the system, and the recrystallization of 

monocalcium phosphate,. 1232 

Potassium permanganate and glucose in acid solution, reaction between,. 1985 

Potassium persulphate and sodium thiophenolate, kinetics of the reaction between, 3280 
Potassium polyio^des, the hypothetical,. 7 ^ 
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Potassium thiocyanste^mercuric thiocyanate-water, the system,. i 

Potential differences at air-liquid interfaces,. 34| 

Potential of the cadmium electrode,. 58S 

Potentials, electrokinetic, studies on,.309, 456, 700 

Potential, zeta, temperature coefficient of the,. 456 

Power, bactericidal, concerning the physical properties of solutions of certain phenyl- 

substituted acids in relation to their,. 2049 

Power, obscuring, and particle number and size of screening smoke, the relation be¬ 
tween,. 1074 

Precipitation, periodic, further studies in,. 1512 

Precision cryoscopy, a critical study of,. 1953 

Preheating, effect of, on the dispersity of calcium caseinate in skim milk,. 1303 

Preparation and certain properties of colloidal hydrous beryllium oxide sols, a study 

of the,. 3237 

Preparation and testing of nickel catalysts for hydrogenation,. 1684 

Presence of inductors, reduction of silver halides by sodium sulphite and nitrite in, 1770 
Presence of water, interaction between nitric oxide and hydrogen sulphide in the,.... 1721 

Pressure, effect of, on the electrical conductivity of solutions of sodium chloride and of 

other electrolytes. 2145 

Pressure, osmotic, measuring, porous disc method of, studies on the,. 638 

Pressure, partial, isotherms,.3160, 3558 

Pressures, dissociation, in salt hydrate systems, misleading equilibria encountered in 

the measurement of,. 1660 

Pressures, partial, of vapors of volatile liquids in the presence of inert gases,. 1068 

Pressures, vapor, of some hydrocarbons,. 531 

Pressure, vapor, measurements on elastic gels,.... 2914 

Principles determining the arrangement of atoms and ions in crystals,. 1270 

Principles of least work and maximum probability,. 611 

Probability, maximum, principles of least work and, . 611 

Problems, certain, of linear heat flow, electrochemical diffusion, etc., numerical 

evaluation of infinite series and integrals which arise in,. 2785 

Problems, chemical, application of x-rays to,. 1216 

Problems of interpretation of the apparent volumes of salts in solution,. 3379 

Process, mutual coagulation, mechanism of the,. 543 

Products, solubility, and solubilities of metallic sulphides in water,. 2711 

Promoter action of hydrated magnesium oxide in the hydrated copper oxide catalysis 

of sodium hypochlorite,. 915 

Properties, certain, and preparation of colloidal hydrous beryllium oxide sols, a study 

of,. 3237 

Properties, colloidal, of organic-acid iron solutions,. 2210 

Properties, electrokinetic, of proteins,. 2065 

Properties, indicator, a discussion of the medium effect upon the,. 2732 

Properties of colloidal ferric oxide, a study of the influence of hydrolysis temperature 

on, some,. 412 

Properties, optical, complete dissociation and,. 480 

Properties, physical, of solutions of certain phenyl-substituted acids, in relation to 

their bactericidal power, concerning the,. 2049 

Properties, some, of benzaldehyde,. 1496 

Properties, ^qpe physical chemical, of the ternary system phenol-benzene-water,... 836 

Propertieiy^||piO physicochemical, of gum arabic-water systems and their inter- 

pretiuw4t. 874 

Propei^i^^ibme unusual, of colloidal dispersions,. 354 

Propylamine, thermal decomposition of,. 2658 

Protein coagulation, reversibility of,. 185 











































STTBJECT INDEX 3731 

JIhotein complex in various seeds and grains, a comparative study of the peptization 

4 of the,. 1565 

froteins, electrokinetic properties of,. 2065 

Proteins, physico-chemical studies on,. 1555 

Proteins, refractometric estimation of,. 1328 

Proteins, wheat, isoelectric point and solubility of, in aqueous solutions of ethanol,.. 2065 

Protoplasm and cellulose, the Spierer lens and what it reveals in,. 118 

Proximity, influence of, of a solid wall on the consistency of viscous and plastic 

materials,. 1185 

Psychoses, functional, and dispersion,. 3425 

Pure organic liquids, five, and ethyl alcohol-water mixtures, specific heats of. 1935 

Pyrex glass, surface leakage of,. 2026 

Quadrantoxide, copper,. loii 

Qualities, keeping, of fats and food rations, effect of wheat germ oil on the,. 3286 

Quantitative analysis of alloys by x-ray spectroscopy,. 3635 

Quantitative x-ray analysis,. 1156 

Radii of ions in saturated solutions, an estimation of the,. 1410 

Radon in spherical vessels, ionization produced by,. 2478 

Raman effect in the ultra-violet region,. 1735 

Rare earth glazes, absorption spectra of,. 3480 

Rate of deformation of cellulose nitrate-camphor films under static stresses, the,_ 2498 

Rate of solution of anhydrite below 70 microns,. 1156 

Rates of formation of the active reductants of several sugars,. 3596 

Rations, food, and fats, effect of wheat germ oil on the keeping qualities of,. 3286 

Reaction, an ion,. 2650 

Reaction between arsenious acid and iodine,. 1648 

Reaction between glucose and potassium permanganate in acid solution,. 1985 

Reaction between potassixim persulphate and sodium thiophenolate, kinetics of the, 3280 
Reactions, coupled, in biological systems, the reversibility of, and the second law of 

thermodynamics,. 432 

Reactions induced, mechanism of, and iron and cerium compounds and insulin as in¬ 
ductors in oxidation reactions,. 2043 

Reactions in the brush discharge,. 3330 

Reactions of hydrocarbons in the glow discharge,. 3649 

Reactions of silk fibroin with solutions of stannic chloride and disodium phosphate, 2434 
Reactions, oxidation, iron and cerium compounds and insulin as inductors in, and the 

mechanism of induced reactions,. 2043 

Reactions, reduction, in silica gels,. i777 

Reactions, some chemical, of colloidal clay,. 360 

Reactions, thermal, of cycloparaffines and cyclo-olefines. 3489 

Reaction velocity data, statistical treatment of,.673, 950 

Reactive liquids, a refractometer for,. 1490 

Reactivity, chemical, of the fused bases,. 

Reagent concentration and the Walden inversion,. 1253 

Recrystallization of monocalcium phosphate, the system P206-Ca0-H20 and the,... 1232 

Red, Congo, effect of gelatin and sidts on,. 97 ^ 

Reductants, active, of several sugars, rates of formation of the,. 3596 

Reduction of nitric oxide,. 1239 

Reduction of silver halides by sodium sulphite and nitrite in presence of inductors and 

a cheap developer in photography,. I 77 ^> 

Reduction reactions in silica gels,. I 777 

Reductivity of hydrogen at certain metal surfaces in relation to overvoltage,. 786 

Refractive index constant a for antitoxic globulins, numerical value of the,. 1328 

Refractivity, maximum, of some aqueous solutions, temperature of,. 3011 

Refractometer for reactive liquids,. * 49 ® 
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Refractometric estimation of proteins,. i3i| 

Region, ultra-violet, Raman effect in the,. 173I 

Relation between obscuring power and particle number and size of screening smoke, 1074 
Relation between photographic reversal and the sensitivity of the silver halide grain, 9^ 

Relationships, water, in colloids,. 2914 

Relations, solubility, of the isomeric dihydroxybenzenes,. 3259 

Relation to bactericidal power and physical properties of solutions of certain phenyl- 

substituted acids in, concerning the,.. 2049 

Relation to compatibility of space lattice, adsorption of solutes by crystals in,. 2022 
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Statistical treatment of reaction velocity data,.673, 950 

Straight-chain paraffins, thermal decomposition of,. 2446 
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Sucrose crystals, photomicrographic studies of,. 1355 

Sugar, inversion of, in mixed solvents, mechanism of,. 2364 

Sugars, several common, polybasicity of,. 2226 

Sugars, several, rates of formation of the active reductants of,. 3596 

Sulfonphthaleins, benzeins and phthaleins, color changes of,. 1433 

Sulphate, alummum,-lithium sulphate-water, the system,. 3086 

Sulphate, barium, solubility of, in sulphuric acid,... 1336 

Sulphate, hydrogen, action of, on chromates,. 3214 

Sulphate, lithium,-al\umnum sulphate-water, the system,. 3086 
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